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Abstract
Heat transfer, pressure drop, and critical heat flux are experimentally recorded for
flowingwater in a single 706 pm circular copper channel 158.75 mm long. Heat is supplied
by heat transfer oil at specified temperatures to a helical channel in the test section. In
contrast to other current experimental techniques for flow boiling in small diameter tubes, a
uniform temperature boundary condition is employed rather than a constant heat flux
condition.
The principal results of these experiments are two-phase flow boiling heat transfer
rates, a comparison of two data acquisitionmethods and their effect on the value ofCHF, and
an analysis of the time-dependent pressure drop signature during two-phase flow in a
minichannel. The two methods used are I) the minichannel surface temperature is held
constant between experiments and mass flux is varied, and II) themass flux is held constant
between experiments and minichannel surface temperature is varied.
The range of experiments includes mass fluxes of43.8-3070 kg/m2s and wall
temperatures of 100C-171.2C. In all cases the test section water inlet is subcooled to
between 72.9C and 99.6C. The inlet pressures used are 1.1-230.5 kPa (gage).
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Nomenclature
Symbols and Abbreviations
Bo Boiling number, Bo = y^t, (dimensionless)
CHF Critical heat flux (W/m2)
Co Convection number, Co = \ y \~y) (dimensionless)
Cp Specific heat at constant pressure (J/kgK)
D Diameter (m)
E Heat rate (W)
/ friction factor (dimensionless)
Ffi Fluid surface parameter, F/t=1 forwater (dimensionless)
Fr Froude number, Fr = fn/
'
2 (dimensionless)
/ gDP
g Acceleration due to gravity (m/s2)
G Mass flux (kg/m2s)
h Enthalpy (J/kg), or local heat transfer coefficient (W/m K)
h average heat transfer coefficient (W/m K)
k Thermal conductivity (W/mK)
L Length (m)
m Mass flow rate (kg/s)
Nu Nusselt number, Nu = n^/ (dimensionless)
p Pressure (Pa)
Pr Prandtl number, Pr = p / (dimensionless)
Q Heat transfer rate (W)
q Heat flux (W/m2)
Re Reynolds number, Re = ^ny r^ (dimensionless)
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Tx
App.p
P
Pi
Pg
Temperature (C)
Vapormass fraction or quality (dimensionless)
Peak to peak pressure variation as a function of time
Viscosity (Ns/m )
Liquid density (kg/m )
Vapor density (kg/m )
Subscripts
14
15
16
17
1((
all
c
CBD
e
f
fg
h
int
Denotes test section inlet condition
Denotes test section outlet condition
Denotes mixer cold water inlet condition
Denotes mixer outlet condition
Single phase
Two phase
Denotes quantities defined over the entire test section including both single
and two phase regions
Cold stream
Convective boiling dominant
Excess
Liquid state
Latent (energy required to change from liquid to vapor)
Hot stream
Intermediate- denotes the point where the liquid becomes saturated and two
phase flow begins
in
LO
mean
NBD
out
Energymoving into a control volume or inlet condition
Refers to the liquid phase only in a two-phase flow
Average state (derived from the mean pressure in the channel)
Nucleate boiling dominant
Energy leaving a control volume
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ssat
Conditions at the minichannel surface
Saturated fluid
Terminology
coolant water
excess temperature
mixer cool water stream
oil stream
process water
any stream ofwater with the sole purpose of cooling another
stream in a heat exchanger
wall superheat; the temperature of the minichannel wall in
excess of the water saturation temperature at a specified
pressure
the cold water stream added to the process water stream in the
mixing condenser
the oil flow through the test section
degassedwater flow that is boiled in the test section and
subsequently condensed in the mixing condenser
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1. Introduction
Heat transfer to a fluid in a small channel is under rigorous investigation in literature
as well as in industry. Since convective heat transfer coefficients are inversely proportional to
hydraulic diameter under laminar flow for a constant heat rate, smaller channels are capable
ofhigher heat transfer coefficients and ultimately are capable ofgreatly reducing the
resistance to heat flow in compact heat exchangers. Mini- andmicro-channels, commonly
having hydraulic diameters of 3 mm or less, are useful not just in compact heat exchangers,
but also in electronic cooling applications and fuel cells.
Currently in literature, experiments done to evaluate minichannel heat transfer
performance commonly utilize electric heating to provide a heat flux. The main disadvantage
of this heatingmethod is that surface temperatures cannot be closely controlled. The heating
element is provided a voltage and current and outputs a constant heat rate to the test section.
In a test section where flow boiling is present, the surface temperature of the channelwill
varywith axial location especially under CHF conditions. The current work utilizes heat
transfer oil as the source ofheat. This method ensures a nearly constant temperature along
the test section. Since the boiling phenomenon depends on surface temperature, this method
will help to further understand the boiling and critical heat flux characteristics of
minichannels.
Critical heat flux in minichannel flow boiling is a subject of interest since it is useful
to know the maximum local heat flux for a compact heat exchanger. If a constant surface
temperature is maintained, the overall heat transferred to the fluid can be calculated based on
the water outlet condition. When CHF is reached, the outlet condition will remain unchanged
even as the surface temperature is increased. If the surface temperature were increased
further, a lower overall heat transferwould be noticed with an increased surface temperature
(film boiling). If electric heating were used, the point ofCHF would be seen as a jump in
surface temperature for a slight change in heat rate. The oil heated test section allows a
tracing of the heat rate versus surface temperature curve at several different water flow rates.
The understanding ofpool boiling and pool boiling CHF is important in the study of
flow boiling CHF. The heat flux as a function of surface temperature in pool boiling is shown
in Figure 1 . 1 . In free convection, heat flux from the heated surface to the liquid increases
with increasing surface temperature where mass transfer is taking place on the free surface
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and natural convection is taking place in the fluid bulk, and no bubbles are formed. As
surface temperature is increased further, nucleation begins to occur at selective sites on the
heated surface; again increasing heat flux at increased surface temperatures, and this is
dubbed the nucleate boiling regime. At CHF, nucleation sites are interacting as bubbles
coalesce into "jets andcolumns"and a local maximum in the boiling heat transfer is reached.
At higher surface temperatures, only intermittent liquid contact occurs in the transitional
boiling regime, and heat flux decreases with increasing surface temperature. A local
minimum in heat flux is achieved at the Leidenfrost point, after which stable film boiling
takes place. In film boiling, the liquid is insulated from the heating surface by a vapor layer
but heat flux again increases with increased surface temperature due to radiation heat
transfer.
Heating curve with
nicrsrome and
platinum wires
p, ^
// 'Cooling curve with
platinum wire
Qwin
Burnout of
nichrome wire
30^
100
AT,, CT)
1000
Figure 1.1: Pool boiling curve, Incorpera and Dewitt (1996)
Similarly to pool boiling, forced convection develops from single phase convection to
nucleate flow boiling, but two mechanisms for reaching a maximum heat flux are possible.
Figure 1 .2 shows bothmechanisms.
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Figure 1.2: Flow boiling regimes, Mudawar and Bowers (1999)
In one scenario of flow boiling CHF (saturated flow boiling CHF or dryout), nearly
all of the liquid is evaporated before the end of the heated length is reached. Some liquid
droplets may be entrained in the vapor flow and have occasional wall contacts (sometimes
called "quenching"), but for themost part amaximum heat flux is reached since despite the
increase in surface temperature the outlet state is unchanged; the convective heat tranfer to
the vapor is negligible compared to the boiling heat transfer that occurs upstream. In another
scenario (subcooled flow boiling CHF), usually attained at very high liquid flow rates,
bubbles are formed in a saturated layer next to the wall while the bulk of the flow is
15
subcooled. In this case, bubbles formed at the wall condense (or collapse) when they leave
the saturated layer. At very high wall temperatures, these bubbles interact and form a vapor
blanket that insulates the bulk flow from the heated surface.
There have been several studies that suggest that as tube diameter decreases, the value
ofCHF increases. These studies include the experimental work ofOrnatskii and Vinyarskii
(1965), the database analysis ofCelata (1996), the correlationmodification parameter by
Celata et al. (1996), and the experimental parametric study by Vandervort et al. (1994).
16
2. Literature Review
Much research has been done in the last three decades concerning critical heat flux in
flow boiling to develop correlations to predict CHF for refrigerants and for water.
Experimental research has been done for saturated and subcooled flow boiling CHF since the
1960s. For example, Ornatskii and Vinyarskii (1965) studied subcooled CHF forwater in
tubes of0.4 to 2.0 mm diameter circular tubes. These researchers andmany others up to the
present day used direct electrical heating to provide a heat flux to the test section. Even in
these early experiments, the authors found that the value ofCHF increases for decreasing
diameters.
Table 2.1 is a summary of the papers reviewed in preparation for the present work. In
all of the studies where authors presented experimental data, electrical heating was utilized. It
is interesting to note that most researchers chose to use water as the working fluid, although
Ma and Chung (2001) presented a notably different paper using FC-72 in amicrogravity
environment.
Since the 1990's, a great deal ofresearch in subcooled flow boiling CHF has taken
place to facilitate the design of cooling schemes for hypersonic nozzles and nuclear reactors.
Since both of these cases are generallymodeled as constant heat flux processes rather than
constant temperature processes, the use of electric heating for experimental test sections
continued to dominate.
Celata (1996) used a survey of experimental results to model CHF inwater subcooled
flow boiling for the purpose of cooling fusion thermonuclear reactors and studied data from
circular tubes with diameters from 0.8 to 25.4mm. Again, it was noticed that a decreased
channel diameter resulted in an increased CHF at constant exit pressure, mass flux, heated
length, and exit quality.
Hall andMudawar (1999) compiled a database ofhigh-CHF information including
'y
only datawith amass flux greater than 5000 kg/m s in small diameter tubes (D<3 mm) and
proposed a set ofdesign equations correlated to the 1596 data points. It is interesting to note
that the highest CHF value reported to date was 276 MW/m2, obtained in a study by those
authors (Hall andMudawar). A pressure drop model was also presented. Mudawar and
17
Bowers (1999) also studied subcooled CHF forwater experimentally, for highmass fluxes in
short tubes from 0.406 to 2.54 mm in diameter.
Vandervort et al. (1994) did experimentation on subcooled CHF forwater to facilitate
the design of fusion reactor first walls, plasma limiters, ion beam targets, high power
electronic tubes, and rocket nozzles. In their case, the cooling scheme models were all
constant heat flux, leading to the use of electrically heated test sections with diameters
ranging from 0.3 to 2.7 mm. One paper byYu et al. (2002) cited compact heat exchangers as
the impetus for studying CHF forwater in small diameter tubes. The authors presented
experimental data and comparisons to some recent correlations for a 2.98 mm diameter
circular tube. Again, electrical currentwas used to heat the test section. Their results were in
agreement with the recent correlations.
Kandlikar (2001) reviewed a large number of subcooled flow boiling CHF papers to
summarize the current understanding and possible future research needs in the field.
Kandlikarmakes the distinction between dryout and CHF that is largely used in the current
work to separate the condition where liquid contact with the heated wall is terminated
(dryout) from the condition where the upper limit ofheat flux is reached due to a vapor
blanket that separated liquid flow from the heated wall. Kandlikar notes that the study of
CHF had notable advances as early as 1888 and the 1930's although the phenomenon was
not widely recognized and named until themid-1980's. Kandlikar (2002) again studied a
large number of research papers to summarize the issues related to flow boiling in small
channels. Although little mention was made ofCHF, important concepts of flow regimes and
the importance of experimental accuracy were highlighted. Bergles andKandlikar (2003)
went a step further in identifying the experimental issues involved in the measurement of
CHF inmicrochannels (hydraulic diameters from 10 to 200 urn). Flow instabilities are
mentioned in theirwork in the context ofdesigning multiple channel systems. The present
work includes some single channel pressure fluctuation data thatmay assist in future studies
of small channel two-phase pressure drop.
Celata et al. (1996) presented a technical note concerning the effect of tube diameter
on the CHF in subcooled flow boiling. The main aim of theirwork was to provide a
correction factor for contemporary CHF models to account for the dependence on tube
diameter. It is interesting to note that the authors claim that the value ofCHF is independent
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ofwhether the channel is uniformly or non-uniformly heated, although experimental data by
Ornatskii and Vinyarskii (1965) shows a distinct effect of circumferential non-uniformity of
heating for subcooled CHF.
Cokmez-Tuzla et al. (2000) studied post-CHF flow boiling for the presence of liquid
wall contact in film boiling (sometimes referred to as reverse annular flow). They
determined, using a fast response temperature probe, that "quenching", short time interval
liquid-wall contact, does occur in post-CHF flow boiling. Ragheb et al. (1981) also studied
post-CHF flow boiling for subcooled inlet conditions in the transition boiling regime. The
heatingmode used for their steady-state experiments is similar to the present work; a
temperature controller was used to maintain a steady test section temperature although
electric cartridge heaters provided the heat flux. It is unclear in Ragheb et al.'s work whether
it was possible to closely control the axial distribution of temperature in the test section. One
interesting result found by Ragheb et al. was that inlet subcooling had a significant effect on
the pressure drop instabilities in transitional flow boiling; subcoolings greater than 28C
resulted in severe fluctuations.
A significant number of flow boiling CHF correlations have been presented in the last
decade, including both empirical correlations based on large databases and limited by the
data used to create them andmechanistic models that attempt to model the liquid sublayer
dryout. Celata et al. (1999) proposed a mechanistic model designed to take into account the
localized nature ofboiling near CHF by calculating the length of superheated liquid next to
the wall called the "superheated layer" which is the only place in the flow that bubbles may
exist. The vapor blanket thickness is assumed to be the diameter of the detachment diameter
of a bubble formed on the wall. CHF is postulated to occur when the vapor blanket
replenishes the superheated layer, also known as the superheated layer vapor replenishment
model. Hall andMudawar (1999) proposed a set ofnon-dimensional design equations based
on a large database of subcooled CHF experiments involving high flow rates in small
diameter tubes. Their equations correlated the available data within 19.5% root-mean-square
error. Liu et al. (2000) examined the liquid sublayer dryout mechanism parametrically to get
a theoretical interpretation of the mechanism and extend their correlation to non-uniform
heating, twisted tape inserts, and non-water systems. Saturated flow boiling CHF prediction
was studied by Celata et al. (2001) for vertical tubes. Kureta and Akimoto (2002) endeavored
19
to write a correlation to predict subcooled flow boiling in narrow channels with a gap of 0.2
to 3.0 mm.
20
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3. Objectives
The objectives of the present work are to explore heat flux, critical heat flux, and
pressure drop oscillations experimentally in aminichannel utilizing a constant temperature
boundary condition.
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4. Experimental Setup
The experimental setup consists of an oil loop, water loop, coolant supplies, and a data
acquisition system. A schematic of the oil, water, and coolant systems is presented in Figure
4.1, with definitions of the symbols used in Figure 4.2.
4. 1 Oil supply loop
The oil supply system is shown around the shaded section in Figure 4.1. The purpose
of the oil loop is to provide heated oil (Paratherm OR heat transfer fluid) at a specified
temperature and flow rate. Beginning with the gear pump (positive displacement rotary type
pump), oil then flows through a filter and preheating heat exchanger. .An immersion heater
provides heating for the oil, controlled electronically based on the oil temperature after the
heater, denoted TCA on Figure 4.1. The oil flows through the test section and transfers heat
to the process water. Since the oil is typically delivered at a high flow rate such that the test
section oil inlet and outlet temperatures differ by no more than 5C to obtain a reasonably
uniform test section temperature (this is the smallest oil temperature drop possible at hi water
mass fluxes due to system physical limitations), there is a large amount ofwaste heat leaving
the test section with the oil, which is transferred in the preheating heat exchanger to the cold
oil from the pump to reduce this waste. After passing through the hot side of the preheating
heat exchanger, an expansion tank allows for the expansion ofoil in the system when at an
elevated temperature and various control valves allow the flow rate to be controlled.
Instrumentation in the oil loop includes flow rate measurement by a positive
displacement flowmeter located just downstream of the pump, several thermocouples, and
three pressure gages. In Figure 4.1 the thermocouples are labeled: TCI gives the oil
temperature just downstream of the pump, TC2 gives the preheated oil temperature, TC4
gives the test section oil inlet temperature, TCI 8 gives the test section oil outlet temperature,
and TC3 gives the oil temperature downstream of the oil preheater waste heat side. Pressure
gages are upstream of the pump, downstream of the pump, and downstream of the filter.
Coolant to the oil loop is provided by tap water at a controlled and measured flow
rate. The oil coolant water inlet temperature is measured at TC5 in Figure 4.1, and the outlet
is measured at TC6.
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4.2 Process water supply loop
The water system, also shown in Figure 4.1, is designed to provide a flow ofdegassed
distilled water to the test section at a specified flow rate and to allow instrumentation to
determine heat transferred to the water. The water reservoir consists of a pressure cooker
heated by a hot plate operating at 1 17 kPa of gage pressure. The water flows through a heat
exchanger to be cooled to nearly room temperature. The water flow rate is controlled by a
valve before passing through a centrifugal pump. The process water then flows through the
test section, amixing condenser, and is finally drained.
Measurements taken in the process water supply loop include (see Figure 4.1): boiler
outlet temperature TCI3, test section process water inlet temperature TCI4, test section
process water outlet temperature TCI 5, mixer coldwater inlet temperature TCI 6, mixer
outlet temperature TCI 7, process water flow rate, test section process water absolute
pressure, and test section differential pressure. To measure the latent heat absorbed, thewater
is condensed in a mixer with cool tap water. Tap water inlet temperature and flow rate are
measured, and the mixed flow outlet temperature is measured.
4.3 System capacities
The system has the following physical limits: oil flow rate 0.0136 - 0.0408 kg/s, oil
temperature has amaximum of 175C, water flow rate 8.66xl0"6-
3.61xl0"3 kg/s and maximum supplywater pressure 243.4 kPa gage.
4.4 Test section
The test section is a counter flow two-phase heat exchanger with a single-phase oil
flow though an outer helical channel and two-phase water flow through a circular
minichannel through the axis. Oil flow provides a nearly constant surface temperature for the
minichannel.
The test section, shown in Figures 4.2-4.7, consists of a 6.35x6.35 mm square cross
section helical oil channel and a straight 706 [im diameter round process waterminichannel
with end caps to provide sealing for the oil and water inlets and outlets. The test section is
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instrumented with six thermocouples, three at each of two radial locations along the axis of
theminichannel. A helical oil channel is used to provide sufficient surface area for heat
transfer, since the single phase convective heat transfer of the oil side is expected to be much
smaller than the boiling heat transfer in the minichannel.
Figure 4.3 shows the design of the test section oil and water passages. Oil flows
around the helical passage on the outside of the test section and water flows through the
central minichannel. The machiningwork for this apparatus was done by a vendor, Palma
Tool and Die. The apparatus is made entirely of copper 145 (Tellurium copper), an easily
machined alloy ofcopper with very similar thermal characteristics to pure copper. The high
thermal conductivity of the test section allows formaximum heat transfer between the oil and
water and ensures an even radial temperature distribution. The helical channel was cutwith a
CNC lathe, and the minichannel was plunge EDM drilled. EDM machining allowed a very
deep small diameter hole to be drilled that cannot be obtained through traditional machining
techniques. Also, EDM machining provides a good surface finish.
The minichannel diameter is determined by seven independent measurements on a
cross section of an identically machined test section. The measurement device consists of a
microscope with a scribed line on the lens to locate features and a micrometer instrumented
moveable stage.
Figure 4.4 shows the designed oil passage cover. This cover is press fit over the test
section blank shown in Figure 4.3. Figures 4.5 and 4.6 show the designed locations and
depths of the thermocouple wells. Note that ungrounded thermocouples were used to prevent
errors in thermocouple readings due to conduction across the test section. In Figures 4.5 and
4.6, the letter designation dimensions were taken "as built"- the manufacturer determined
these dimensions after the helical channel was formed.
Figure 4.7 shows the design of the test section end caps that provide sealing between
the oil and water inlets and outlets and allow plumbing connections to the remainder of the
experimental setup. Teflon O-ring seals are used to separate oil and water flows and to
prevent oil leakage into the surroundings.
4.5 Experimental accuracy
Experimental accuracy formeasured quantities follow: temperature readings are
accurate to 0.1C due to calibration, water flow rates are accurate to 3% of reading, oil
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flow is accurate to 5% of reading, the minichannel diameter is 0.7060.007 mm, the
minichannel length is 158.75+0.05 mm, all other lengthmeasurements are accurate to 0.05
mm.
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5. Experimental Procedure
Two different procedures are followed to capture pressure drop and heat transfer data.
These two methods are used to determine if there is a dependence ofdryout on how the data
point is approached. InMethod I, a surface temperature is maintained constant while the
water flow rate is varied to capture data, while in the secondmethod the water flow rate is
kept constant and the surface temperature is changed. For each of these methods, a similar
procedure is followed for oil loop startup and degassing.
5.1 Oil loop startup
First, the flow rate control valve is opened on the pump bypass loop to obtain a low
oil flow rate from the pump. Once flow has stabilized in the oil system, a flow rate close to
the desired rate is set by turning the pump bypass flow rate. Next, the oil coolant (tap water)
flow is initiated by opening the control valve. The data acquisition system is then activated to
allow oil system temperatures to bemonitored for safety. Finally, the desired oil temperature
is input to the immersion heater controller and power is activated to the heater. While waiting
for the system to reach a steady temperature, the pump bypass valve is adjusted to maintain
the desired flow rate (the flow rate increases as the oil temperature increases due to the
decrease in oil viscosity and oil density at elevated temperatures). During experiments, oil
flow rates were chosen such that the oil inlet and outlet temperatures differed by 5C or less
to maintain a reasonably uniform surface temperature in the minichannel.
5.2 Water loop startup (degassing)
Degassing of the distilled process water is accomplished through the use of a pressure
cooker and a hot plate following the procedure ofKandlikar et al. (2002), resulting in an
oxygen concentration in the degassed water of 5.4 ppm.
First, the hot plate is activated while the flow-controlling valve is closed. Once the
water in the pressure cooker is boiling at 1 17 kPa gage pressure, the weight on the steam vent
is removed. As the water in the pressure cooker returns to atmospheric pressure, a large
portion of the dissolved gas is vented. Once the excess pressure in the pressure cooker is
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released (indicated by a pressure gage on the pressure cooker lid), the weight is replaced and
the pressure cooker is permitted to return to a pressure of 1 atmosphere gage before
experiments are begun.
5.3 Data collection: Method I
Once the oil flow rate and temperature are steady and the process water is degassed,
the process coolant water streams are activated. The coolant loop on the pressure cooker
outlet is set at a flow rate such that the process water temperature through the flowmeter is
nearly room temperature. The process water is set at one of the predetermined flow rates
under investigation and allowed to flow through the test section. Themixer cool water stream
is set to a flow rate such that the mixer outlet temperature is at least 10C higher than room
temperature but no more than 70C to allow good resolution in a heat balance and prevent
uncondensed process water from traveling to the thermocouple. Once the system has reached
steady state operation, the data acquisition system is set to record temperature and pressure
information for at least 3 minutes at a rate ofone reading every 5 seconds. To move on to the
next data point, the process water flow rate is adjusted to the next predetermined level and
the system is allowed to reach a new steady condition.
5.4 Data collection: Method II
Steady flow of the process water, coolant streams, and oil are obtained at a
predetermined oil temperature. Once steady operation is reached, data acquisition takes place
for at least three minutes at a rate ofone reading every 5 seconds. A second set ofdata is then
taken at 0.1 second intervals for 30 seconds to capture the time history ofpressure drop. To
move on to the next data point, the oil temperature controller is set to a new predetermined
temperature and the system is allowed to again return to steady operation.
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6. Data Analysis
Data required for analysis in the present work include (see Figure la) TCI4 (test
section water inlet temperature T14), TCI 5 (test section outlet temperature Tjs), TCI 6 (mixer
cool water inlet temperature 7/<j), TCI 7 (mixed outlet temperature Tn\ mixer cool water
flow rate mc , process water flow rate mh , minichannel surface temperature Ts, channel
differential pressure Ap and channel inlet pressure pi.
An energy balance on the mixer allows the determination of the test section outlet
vapormass fraction (quality, x). Equation (2) shows the expansion of the energy balance for
the specific variables in the present work.
Ein=E0t (1)
mh (hf + xhfg )l5 +mchfl6 = (mh + mc )hfi7 (2)
In Equation (2) mh denotes the hot stream mass flow rate (test section process water
outlet stream), mr denotes the cold stream mass flow rate (mixer cool water inlet), hf is the
saturated fluid enthalpy, and h/g is the phase change enthalpy. Note that Equation (2) utilizes
the assumption that the enthalpy of subcooled water is approximately equal to the saturated
liquid enthalpy. All enthalpy values were obtained through interpolation of the tables given
bySaad(1997).
Rearranging Equation (2), the test section exit quality is given by Equation (3).
x =
(mh+mc)hf]1-mchfl6 u
AA.is
(3)
Once the test section outlet quality is known, a heat balance on the test section
provides the heat transferred to the water as shown in Equation (4).
Q = mh (hf + xhfg \5-mhhfi4 (4)
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Since the minichannel in the present work is a circular tube, the appropriate form for
the calculation ofheat flux is given in Equation (5).
'--ii (5)TtDL
The underlying assumption in Equations (l)-(4) is that no losses occur between the
test section and the mixer outlet. To verify these calculations, a heat balance on the test
section is done under steady state conditions for single-phase flow. In the case of single-
phase flow, the heat gained bywater in the test section can be calculated directly as well as
by using Equations (l)-(4). The heat balance required for the verification is given below in
Equation (6).
Q = mhhf,15-'nhhfM (6>
The results of this verification yielded an agreement between test section and mixer
heat balances within 2.3%. It should be noted that the use ofEquation (3) gives an
equilibrium quality that can be used reliably to calculate heat rates, although a subcooled test
section outlet flow will result in a negative equilibrium quality. Another consequence of
using Equation (3) if the test section outlet flow consists of some superheated vaporwith
entrained water droplets, a quality of 100% or highermay result.
Due to the high thermal conductivity of the copper test section and the use ofhigh oil
flow rates, the axial temperature distribution has very little temperature variation for the data
presented in the present work. Although the test section thermocouple probes were placed at
two different radii from the minichannel, the data shows very little temperature difference
radially between the oil channel and the water channel. This results in an inability to
determine the occurrence of any local phenomena using the current setup. Consequently, the
surface temperature (TJ is calculated by taking the average of the test section thermocouple
readings.
37
Excess temperature, also called wall superheat, is defined in the present work as the
minichannel wall temperature in excess of the water saturation temperature and is calculated
as shown in Equation (7). The saturation temperatures used in the presentation ofdata in this
work are interpolated from tables provided by Saad (1997) at the channel mean pressure. One
difficulty in quantifying minichannel boiling phenomena is that due to the large pressure
drops in these channels during boiling, the saturation temperature decreases significantly
from the minichannel inlet to the outlet. Themost extreme case encountered in the present
work is an inlet pressure of230.5 kPa (gage) and an outlet pressure of0 kPa (gage),
corresponding to an inlet saturation temperature of 137C and an outlet saturation
temperature of 100C. To alleviate this difficulty, the saturation temperature used in this
work to define excess temperature is found at the mean pressure between the minichannel
inlet and outlet.
ATe=Ts-Tsalmeatt (7)
Inlet subcooling is defined in the present work as the difference between the
minichannel inlet saturation temperature and the actual inlet temperature, as shown in
Equation (8).
ATm,sub = Tsat,in ~ T\4 (8)
To obtain the average heat transfer coefficient in the two-phase region, it is important
to first identify the amount ofheat transferred in this region. Equation (9) shows how this can
be done using the latent enthalpy of evaporation. Since the latent heat ofvaporization is
obtained at the exit pressure, the pressure at the end of the single-phase region will be
underestimated.
Q2t = rhcxhfg,5 (9)
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The heat transferred in the single-phase region can then be calculated using Equation
(10).
Q=Q-QU (10)
The heat transferred in the single-phase region also corresponds to the sensible heat
gained by the water as its temperature is raised from the inlet temperature to saturation, as
shown in Equation (11). Since neither the length of the single-phase region nor the pressure
at the point where the water is saturated is known, Equation (1 1) is reorganized as Equation
(1 la) to solve for the saturation temperature at the intermediate point along the axis of the
channel where the two phase region begins.
2M =mcCp(Tsalinl-Tu) (11)
TsalJnl=T,4+-^r (11a)
c p
To determine the length of the single-phase region, the heat transfer coefficient in
liquid only flow must be estimated. Equation (12) gives the liquid only heat transfer
coefficient for developing laminar flow taken from the Sieder and Tate correlation taken
from Incorpera and DeWitt, (2002). Laminar flow is defined in the present work as a liquid
only flow with an average Reynolds number (average between inlet and saturation
conditions) less than the accepted transition for circular tubes (Re<2300). Equation (12) is
valid for 0.48</V<16700, encompassing the range ofPrandtl numbers observed in the
presentwork (in the present work, 2.58<Pr<4.41)
kdl =1.86
( T>T>3\/?>( ,, \RePr
L/D )
0.14
Ps)
(12)
For turbulent single-phase flow, the Gnielinski correlation is used, taken from
Incorpera and Dewitt (2002), shown in Equation (13).
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j- k {f/sXRe-1000)Pr
Dl + \2.7(f/8y4pr2/i-l
In Equation (13), the friction factor,/, is determined from the Petukhov correlation
given by Incorpera and DeWitt (2002) and shown in Equation (14).
/ =
(0.790/(/te)-1.64)"2
(14)
Using the appropriate heat transfer coefficient from Equation (12) or (13), the single
phase region length, lsah can be determined using Equation (15), reorganized to its functional
form in Equation (15a).
Q^=KAs^ATlmH (15)
/ 3? (15a)
Property values for Equations (1 1)-(14) were evaluated at the mean single phase point
defined by the average temperature in the single phase region bounded by the inlet
temperature and the saturation temperature.
The logmean temperature difference in the single phase region, ATimj^, requires the
definition of two temperature differences as shown in Equation (16). Equation (17) shows the
accepted form of the log mean temperature difference used throughout the current work.
ATl Ts Tsa' (16)
AT2=TS-Tin
AT -AT
ATIm= "' A (17)
1\)at2
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To find the boiling heat transfer coefficient, Equation (1 8) is used, where l2lj) = L - /,,
and ATimjj involves the temperature differences given Equation (19).
h.= ^ (18)2*
nDl2,ATlmM
AT =T-T1 s is
(19)
AT =T -TOJ 2 * s J sat
The overall heat transfer coefficient, including the experimentally observed effects of
single- and two-phase heat transfer, is presented in Equation (20). The required temperature
differences are given in Equation (21).
*-=
mfr
(2)
AT =T-T5i , is
(21)
AT =T -T
Average two-phase heat transfer coefficients calculated using Equation (18) are
compared to the local heat transfer coefficients predicted by the Kandlikar correlation
(Kandlikar and Balasubramanian, 2003). Equations (22)-(24) show the form of the equation
used in the present work.
h2^= larger of \
'
(22)
["2t,CBD
K,nbd =0.6683Co-2(l-xfsf2(FrLO)hw +
\05S.0Bo01 (\ - FFlhL0 (23)
h2,_CBD =L\36Co--9(\-x)0Sf2(FrLO)hLO + 667.
2Bo01 (l-x)*
FFlhw (24)
As recommended by Kandlikar and Balasubramanian (2003), f2(Frw) = l is used
since the channel under investigation is aminichannel, and .F>/=1 is used since the working
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fluid is water. The liquid only heat transfer coefficients are calculated by using the laminar
Nusselt number correlation for a circular tube with a constant surface temperature shown in
Equation (25). All properties used in Equations (22)-(25) correspond to the intermediate
saturation condition at the single- to two-phase transition.
jVM=3.66 =-^ (25)
The time histories ofpressure drop data are investigated to explore trends observed
during flow boiling. One useful parameter is the peak-to-peak pressure variation, App.p,
defined as the difference between the largest and smallest pressure drop values recorded at a
specific surface temperature.
Average values for the two-phase heat transfer coefficients predicted by the
Kandlikar are calculated bymeans ofnumerical integration over vapormass fraction as
shown in Equation (26). Note in Equation (26) that the lowest vapormass fraction considered
in the calculation of local heat transfer coefficients is 1% due to the Boiling number; the
Boiling number cannot be calculated at a local vapormass fraction ofzero.
out
\hudx (26)
*r-0.01aoi
Single-phase friction factors determined experimentally are compared to friction
factors from laminar flow theory and from the Blasius correlation (for turbulent flow in
smooth tubes). The form used to calculate experimental friction factors is presented in
Equation (27).
Ap =f- (27)y
Dip
V '
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The laminar and turbulent friction factors used for comparison are from laminar flow
theory, Equation (28), and from the Blasius correlation for turbulent flow in smooth tubes,
Equation (29).
Jlaminor ~ /Do \A)'Re
0.316
Re0JBlasius ~ n 0.25 ^ '
Signal analysis is done usingMatlab software. The Fast Fourier Transform, FFT, is
used to get information in the frequency domain from the available time domain data. The
standard form for the transform (discreet Fourier Transform) for engineering applications is
presented in Equation (30).
ck=^f<-)exp^J2^/N) (30)
Note that the nomenclature ofEquation (30) differs from that of the present work: N
represents the number of data points, n is the time domain incrementing index
(n=0,l,2,. . .,N-1), x(n) is the value of the data point in the time domain, k represents the
exponential signals and has the values k=0A,2,. . .,N-l,y indicates a complex number and is
equivalent to V-l , and Ck are the complex values of the Fourier coefficients. The magnitude
of the Fourier coefficients represents the amplitude of the frequency components, and the
phase of the coefficients represents the phase of the frequency components. To avoid
aliasing, frequency domain information above the Nyquist frequencywill be ignored. The
Nyquist frequency is defined as twice the sampling frequency.
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7. Results and Discussion
The following sections include the results and discussion for the data collected in the
present work. Section 7.1 details the results of experiments conducted using Method I, where
each experiment is conducted at a steady oil temperature and the process water flow rate is
varied. Section 7.2 details the results of experiments conducted usingMethod II, where each
experiment is conducted at a steady process water flow rate and the oil temperature is varied.
7.1 Results for Method I
Figures 7.1- 7.3 show the variation ofheat flux data with minichannel surface excess
temperature at various process water flow rates. The data are also presented in tabular form
in Appendix A. The data in these figures are obtained by usingMethod I. It should be noted
that in all cases, the inlet subcoolingwas between 72.7 and 99.6C and was not controlled
during the experiments (the inlet subcooling depends upon the saturation temperature at the
inlet pressure which changes among data points due to differences in boiling pressure drop).
In the following plots, ATe is the excess temperature (wall superheat) and the saturation
temperature used is calculated at the channel mean pressure.
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Heat Flux vs Excess Temperature
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Figure 7.1: Heat flux as a function of excess temperature for mass flux 43.8 kg/m2s to
195 kg/m2s using Method I
Figure 7.1 illustrates the dependence of channel heat flux upon wall superheat for
mass flux 43.8 kg/m s to 195 kg/m s usingMethod I. For very low flow rates, the heat flux
increases with wall superheat for low values of excess temperature then becomes nearly
constant at higher values of excess temperature. The physical interpretation of this
phenomenon is that since critical heat flux in flow boiling is a highly localized occurrence,
some downstream portion of the channel will experience dryout, transitional boiling, or even
film boiling while the upstream portions experience single phase convection and nucleate
boiling ifheat flux is the independent variable. Since boiling is a temperature driven
phenomenon and temperature is the independent variable in the current work, it is likely that
in these cases no subcooled flow boiling CHF is seen; it is expected that if the excess
temperature is high (the common situation in subcooled flow boiling CHF), that the entire
channel would undergo CHF at the same excess temperature and CHF would be indicated by
a local maximum in the heat flux versus excess temperature plot. In the subcooled flow
boiling CHF case, a low outlet vapor mass fraction would be expected. In contrast, dryout in
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a downstream portion of the channel would be indicated by a high outlet vapormass fraction
(see Figure 7.4) and would allow the development of single-phase convection and nucleate
boiling in upstream portions. In the dryout case, all of the water is vaporized with the
exception of some suspended droplets. As the excess temperature is increased, the portion of
the channel experiencing dryout becomes larger, traveling upstream. It is expected that at
higher excess temperatures the channel would undergo subcooled flow boiling CHF and the
heat flux would begin to decrease with increasing excess temperature.
Figure 7.1 indicates that for each region ofdryout, the critical heat flux value
increases with increasing process water mass flux and the lowest excess temperature at which
CHF is reached increases with increasing process water mass flux.
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Figure 7.2: Heat flux as a function of excess temperature for mass flux 264 kg/m2s to
1 100 kg/m2s usingMethod I
Figure 7.2 shows that for amass flux of264 kg/m s, an excess temperature is reached
above which the heat flux becomes constant for higher excess temperatures. For higher
excess temperatures, however, the trend of increasing heat flux for increasing excess
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temperature continues for the entire range of experiments. Note that although themaximum
excess temperature for the mass flux range in Figure 7.1 is nearly 50C and the maximum
excess temperature in Figure 7.2 is nearly 25C, the oil temperature was identical for both of
these extreme cases. The boiling phenomenon causes extremely large pressure drops for high
flow rates, therefore the saturation temperature at the mean channel pressure is higher for
higher flow rates, resulting in a smaller excess temperature.
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Figure 7.3: Heat flux as a function of excess temperature for mass flux 1700 kg/m2s to
3070 kg/m2s usingMethod I
Figure 7.3 indicates that neither CHF nor dryout conditions were noted for highmass
fluxes within the range of experiments. Again, heat flux increases with increasing excess
temperature. Note in Figures 7.2 and 7.3 that the slope of the heat flux datawith respect to
excess temperature is nearly identical for each flow rate in nucleate boiling, indicating a
constant heat transfer coefficient based on excess temperature in nucleate boiling.
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Figures 7.4-7.6 show the channel exit vapor mass fraction (quality) as a function of
excess temperature for each process water mass flux. These data are also presented in tabular
form in Appendix A. The data for these figures are obtained usingMethod I.
Vapor Mass Fraction vs Excess Temperature
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Figure 7.4: Exit quality as a function of excess temperature for mass flux 43.8 kg/m2s to
195 kg/m2s using Method I
In Figure 7.4 it is clear that at mass fluxes of 101 kg/m2s and 195 kg/m2s, the
equilibrium exit quality is 100% for excess temperatures above 8.1C and for amass flux of
43.8 kg/m2s the equilibrium exit quality is well above 100%, indicating that a portion of the
exiting stream is superheated. Note that these high exit qualities do not preclude the presence
of suspended liquid droplets since in each case the exit stream temperature is very close to
the water saturation temperature at atmospheric pressure. Since exit qualities of 100% or
more exist in the exiting streams, it is safe to conclude that in each of these cases a dryout
condition (complete evaporation) is present rather than subcooled flow boiling CHF. It is
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expected that ifhigher excess temperatures could be obtained that lower exit qualities at very
high excess temperatures would indicate subcooled CHF.
Vapor Mass Fraction vs Excess Temperature
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Figure 7.5: Exit quality as a function of excess temperature for mass flux 264 kg/m s to
1100 kg/m2s using Method I
Figure 7.5 shows the dependence ofoutlet vapor mass fraction on excess temperature
formass fluxes from 264 kg/m2s to 1 100 kg/m2s. Only at amass flux of264 kg/m2s is an exit
quality of 100% achieved, indicating dryout. Mass flux values of603 kg/m2s and 1 100
kg/m2s both yield increasing exit quality as excess temperature is increased. Since neither
CHF nor dryout is indicated by the heat flux versus excess temperature data (Figures 7.1-
7.3), it is clear from Figures 7.5 and 7.6 that neither dryout nor subcooled CHF were
achieved formass flux values above 264 kg/m s.
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Vapor Mass Fraction vs Excess Temperature
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Figure 7.6: Exit quality as a function of excess temperature for mass flux 1700 kg/m2s
to 3070 kg/m2s usingMethod I
In Figure 7.6 there is no indication of amaximum outlet vapormass fraction being
reached for anymass flux above 1700 kg/m2s. Exit quality increases with increased excess
temperature for the range of temperatures considered for the mass fluxes shown in Figure 8.
Note that the highest exit quality achieved for a mass flux of 1700 kg/m2s is 25%.
Figures 7.7-7.9 illustrate pressure drop as a function ofexcess temperature for each
mass flux. Pressure drop data are presented in tabular form in Appendix A. The data for these
plots are obtained using Method I.
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Pressure Drop vs Excess Temperature
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Figure 7.7: Pressure drop as a function of excess temperature for mass flux 43.8 kg/m s
to 195 kg/m2s using Method I
Figure 7.7 shows that for mass fluxes of43.8 kg/m2s and 101 kg/m2s, a nearly
constant pressure drop is obtained for high excess temperatures, indicating that the pressure
drop due to boiling is constant once dryout occurs. In contrast, the pressure drop is an
increasing function ofexcess temperature for low excess temperatures in all cases indicating
that higher excess temperatures lead to more violent boiling flow regimes. The pressure drop
for amass flux of 195 kg/m2s is an increasing function of excess temperature for the entire
range of experiments, indicating that formass fluxes higher than 101 kg/m2s the excess
temperature required to obtain a constant pressure drop is not obtained. Figure 7.7 also
indicates that the boiling pressure drop is a nearly linear function of excess temperature for
positive excess temperatures. Pressure drop in two-phase flow is also an increasing function
ofmass flux, as seen in Figure 7.7.
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Pressure Drop vs Excess Temperature
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Figure 7.8: Pressure drop as a function of excess temperature for mass flux 264 kg/m s
to 1100 kg/m2s usingMethod I
For eachmass flux considered in Figure 7.8, it is clear that pressure drop in boiling
for this channel is a nearly linear increasing function of excess temperature, yet the
dependence ofpressure drop on mass flux is much less dominant than for the low mass
fluxes in Figure 7.7. Apparently the two-phase pressure drop in flow boiling is a strong
function of the boiling phenomenon taking place (presumably nucleate boiling in the cases
shown in Figure 7.8), which is driven by the wall superheat or excess temperature. Neither
the slope of this dependence nor the values ofpressure drop seem to be dependent upon mass
flux in nucleate boiling.
52
Pressure Drop vs Excess Temperature
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Figure 7.9: Pressure drop as a function of excess temperature for mass flux 1700 kg/m s
to 3070 kg/m2s usingMethod I
Again in Figure 7.9 it is apparent that two-phase pressure drop is a nearly linear
function of excess temperature yet mostly independent ofmass flux. Note in each case in
Figures 7.8 and 7.9 that the maximum readable pressure drop of 170 kPa occurs at a wall
superheat of approximately 15C. Although themass flux varies from 264 kg/m2s to 3070
kg/m2s in these two figures, the excess temperature at which the maximum readable pressure
drop is obtained is very similar, indicating that the type ofboiling regime and its rapid bubble
growth are the most important factors in two phase pressure drop while mass flux has little
influence.
Figures 7.10-7.12 illustrate the dependence ofpressure drop upon exit quality. If
boiling phenomena are responsible for the high pressure drops experienced in this work, it is
expected that two-phase pressure drop will have a functional dependence upon exit quality.
The data for these plots are obtained usingMethod I.
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Pressure Drop vs Exit Vapor Mass Fraction
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Figure 7.10: Pressure drop as a function of exit quality for mass flux 43.8 kg/m s to 195
kg/m2s using Method I
Figure 7.10 shows that for a mass flux of43.8 kg/m2s the exit equilibrium quality has
little effect on pressure drop for high values of equilibrium quality. Since the values of
equilibrium quality are in excess of 100% it is expected that some vapor superheating is
taking place; it is not expected that the superheating process would greatly affect pressure
drop. For amass flux of 195 kg/m s, however, a sharp increase in the slope ofpressure drop
versus exit quality is observed near an exit quality of 100%. It is likely that the axial location
ofdryout is moving toward the entrance of the channel and forcingmore violent boiling to
take place in the wetted entrance portion of the channel.
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Pressure Drop vs Exit Vapor Mass Fraction
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Figure 7.11: Pressure drop as a function of exit quality for mass flux 264 kg/m2s to 1100
kg/m2s using Method I
Although there is considerable scatter in the data presented in Figure 7.1 1, it is clear
that pressure drop is an increasing function ofboth exit vapor mass fraction and mass flux.
Since the mass flux dependence was not detected while plotting pressure drop against surface
temperature, it is likely that the mass flux dependence and exit quality dependence of
pressure drop are on the same order ofmagnitude while the surface temperature has a
stronger influence. It is likely that the data shown in Figures 7.10 and 7.11 indicates an
unstable flow boiling condition.
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Figure 7.12: Pressure drop as a function of exit quality for mass flux 1700 kg/m s to
3070 kg/m2s usingMethod I
Notable scatter exists in the data presented in Figure 7.12, yet it is clear that two-
phase pressure drop is an increasing function of exit quality and a weak increasing function
ofmass flux. It is observed that the surface excess temperature dependent boiling regime is
mostly responsible for the two-phase pressure drop while the exit vapor mass fraction
(provided dryout has not occurred) and mass flux have weak influences.
As seen in Figures 7.1 and 7.2, amaximum heat flux was found for only four
different mass flux values in the present work. Since the value ofmaximum heat flux is
observed over a range of excess temperatures, the onset ofdryout will be defined for this
work at the lowest surface temperature forwhich the value ofmaximum heat flux was
obtained as the experimental heat flux, indicated by a constant heat flux over a range of
positive excess temperatures. The following section including Figures 7.13-7.15 describes
the trends observed for these four data points at the onset ofdryout for four different mass
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flux values. These data are obtained through the use ofMethod I and are presented in tabular
form in Appendix B.
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Figure 7.13: Onset ofdryout as a function ofmass flux using Method I
Figure 7.13 shows that the onset ofdryout for the range of experiments in this work
has a linearly increasing dependence upon mass flux. This is expected since highermass
fluxes lead to better surface wetting at high heat fluxes due to the highmomentum of the
liquid flow causing vapor bubbles to depart from the surface while still very small in
diameter.
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Pressure Drop at the Onset of Dryout vs Mass Flux
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Figure 7.14: Pressure drop at the onset ofdryout as a function ofmass flux using
Method I
In Figure 7.14, the onset ofdryout data indicates that the pressure drop at the onset of
dryout in this minichannel is a nearly linear function ofmass flux. As opposed to the two-
phase pressure drop during nucleate boiling, the onset ofdryout pressure drop is a strong
function ofmass flux. This trend is not surprising since these data represent dryout rather
than subcooled flow boiling CHF; in dryout more boiling is required to vaporize the fluid
completely thus a higher pressure drop is expected. This trendmay be important from a
standpoint ofminichannel heat exchanger design.
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Outlet Equilibrium Quality at the Onset of Dryout vs
Mass Flux
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Figure 7.15: Outlet quality at the onset of dryout as a function of mass flux using
Method I
As expected, Figure 7.15 shows that the outlet quality of the channel at the onset of
dryout decreases with increasedmass flux. At lowmass flux values, the outlet equilibrium
quality is greater than 100%, indicating the presence of some superheated vapor, while total
saturated vaporization is indicated for highermass fluxes. It is expected that for highermass
flux values, subcooled flow boiling CHF would occur, indicated by low outlet qualities at
CHF.
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Excess Temperature at the Onset of Dryout vs Mass
Flux
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Figure 7.16: Excess temperature at the onset ofdryout using Method I
Figure 7.16 shows that at highermass flux, the excess temperature of the onset of
dryout increases, indicating that the flow boiling regimes occur at higher excess temperatures
as flow is increased. This is significant since manipulation of system pressure can change the
saturation temperature ofwater in aminichannel and shift the excess temperature of the onset
ofdryout in a temperature controlled system and mass flux can also be changed to
manipulate the surface temperature at the onset ofdryout. This result has the implication that
if aminichannel heat exchanger is designed to operate within dryout conditions, the system
can be designed to control the wall surface temperature by two means: by manipulatingmass
flux or system pressure.
Figures 7.17 and 7.18 show the calculated average boiling heat transfer coefficient as
a function ofwall superheat for data obtained using Method I. Average two-phase heat
transfer coefficients were only calculated for data points that have an outlet vapormass
fraction of 1% to 80%. Tabulated results for the average boiling heat transfer coefficient are
given in Appendix E.
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Figure 7.17: Average boiling heat transfer coefficient as a function ofwall superheat for
data points with a laminar single phase region
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Average Boiling Heat Transfer Coefficient vs Wall
Superheat, Turbulent Single Phase Region
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Figure 7.18: Average boiling heat transfer coefficient as a function ofwall superheat for
data points with a turbulent single phase region
Figures 7.17 and 7.18 show that the heat transfer coefficient in boiling varies with
wall superheat and mass flux. The variation ofheat transfer coefficient with mass flux is
most pronounced at low wall superheats; in Figure 7.17 the average boiling heat transfer
coefficient converges to a function independent ofmass flux at a wall superheat of 8.2C and
in Figure 7.18 the average boiling heat transfer coefficient becomes very nearly constant with
respect ofmass flux at a wall superheat of 15C. Figures 7.17 and 7.18 also show that the
boiling heat transfer coefficient decreases with increased wall superheat, indicating that the
boilingmechanism becomes less efficient at high wall superheats.
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Figures 7.19 and 7.20 illustrate the observed variation of average boiling heat transfer
coefficient with the average heat flux in the 2-phase region. These data were obtained using
Method I and are tabulated in Appendix E.
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Figure 7.19: Average boiling heat transfer coefficient as a function of average two-
phase heat flux for data points with a laminar single phase region
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Average Boiling Heat Transfer Coefficient vs Average
Heat Flux in the 2 Phase Region, Turbulent Single
Phase Region
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Figure 7.20: Average boiling heat transfer coefficient as a function of average two-
phase heat flux for data points with a turbulent single-phase region
Figures 7.19 and 7.20 show that the average boiling heat transfer coefficients fall
within a range and have some variation with mass flux (as shown also in Figures 7.17 and
7.18), yet have nearly uniform values (depending onmass flux) as the two phase heat flux
varies.
Average overall heat transfer coefficient, including single- and two-phase heat
transfer, is presented in Figures 7.21 and 7.22 as a function ofwall superheat. These data
were collected using Method I and are tabulated in Appendix B.
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Overall Average Heat Transfer Coefficient vs Wall
Superheat, Laminar Single Phase Region
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Figure 7.21: Average overall heat transfer coefficient as a function ofwall superheat for
data points with a laminar single-phase region
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Average Overall Heat Transfer Coefficient vs Wall
Superheat, Turbulent Single Phase Region
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Figure 7.22: Average overall heat transfer coefficient as a function ofwall superheat for
data points with a turbulent single-phase region
Figures 7.21 and 7.22 show that the average overall heat transfer coefficient for both
single- and two-phase flow combined is nearly constant with changes in wall superheat, but
increases with increasing mass flux. From a design standpoint, these observations could
apply to small scale heat exchangers operating in boiling; the overall heat transfer coefficient
increases withmass flux but is nearly independent ofwall superheat, provided the exit
quality is between 1% and 80%.
Figures 2.23 and 7.24 illustrate the dependence of the average overall heat transfer
coefficient on average overall heat flux. The data were obtained usingMethod I and are
tabulated in Appendix B.
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Overall Average Heat Transfer Coefficient vs Average
Heat Flux, Laminar Single Phase Region
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Figure 7.23: Average overall heat transfer coefficient as a function of average overall
heat flux for data points with a laminar single-phase region
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Average Overall Heat Transfer Coefficient vs
Average Heat Flux , Turbulent Single Phase Region
E
5.00E+04
4.50E+04
4.00E+04
3.50E+04
3.00E+04
* 2.50E+04
I 2.00E+04
1 1.50E+04
1.00E+04
5.00E+03
0.00E+00
#
t
X x^*>
x*x X^X*
A**.,iX A
v.r/M*1
? ?
i %*
0 50 100 150 200 250
q (W/cm2)
? G=1100 kg/s.mA2 G=1700 kg/s.mA2 a G=2370 kg/s.mA2
x G=3070 kg/s.mA2 x G=3783 kg/s.mA2 G=4483 kg/s.mA2
Figure 7.24: Average overall heat transfer coefficient as a function of average overall
heat flux for data points with a turbulent single-phase region
Figures 7.23 and 7.24 show the dependence ofoverall heat transfer coefficient on
average overall heat flux. Although the overall heat transfer coefficient increases with
increasing mass flux, the coefficient does not have a strong dependence upon overall heat
flux for data points with a turbulent single-phase region (Figure 7.24). For data pointswith a
laminar single-phase region, however, the heat transfer coefficient apparently increases with
overall heat flux (Figure 7.23).
Figures 7.25a-7.25i compare the average boiling heat transfer coefficients calculated
from the datawith the local heat transfer coefficients predicted by the Kandlikar correlation.
Only data with high outlet quality (x>10%) is considered since low outlet vapor mass
fractions indicate a very small amount ofboiling heat transfer and consequently low
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confidence in the experimental heat transfer coefficients. The properties at the intermediate
saturation temperature are used in the correlation, corresponding to the properties at the
single- to two-phase transition. Data exhibiting transition liquid only Reynolds numbers
(Re3000) is not included since the available liquid only heat transfer coefficient correlations
do not provide good agreement in transitional flow. Figures 7.25a-7.25j show that the
selected data are in agreement with theKandlikar correlation.
Experimental and Correlated Two-Phase Heat
Transfer Coefficient, ATe=6.4C, G=195 kg/m2s,
xout=79.3%, q2(j,-79 W/cm2K
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Figure 7.25a: Experimental and Correlated Two-PhaseHeat Transfer Coefficient for
ATe=6.4C, G=195 kg/m2s, xut=79.3%, and q2(t,=79 W/cm2K
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Experimental and Correlated Two-Phase Heat
xout=62.5%, q2(|=82 W/cm2K
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Figure 7.25b: Experimental and Correlated Two-Phase Heat Transfer Coefficient for
ATe=4.5C, G=264 kg/m2s, XoUt=62.5%, and q2(t)=82 W/cm2K
Experimental and Correlated Two-Phase Heat
Transfer Coefficient, ATe=8.5C, G=264 kg/m2s,
xout=58.3%, q2J=73 W/cm2K
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Figure 7.25c: Experimental and Correlated Two-Phase Heat Transfer Coefficient for
ATe=8.5C, G=264 kg/m2s, xout=58.3%, and q2(t)=73 W/cm2K
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Experimental and Correlated Two-Phase Heat
Transfer Coefficient, ATe=7.2C, G=603 kg/m2s,
xout=39.4%, q2(()=90 W/cm2K
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Figure 7.25d: Experimental and Correlated Two-Phase Heat Transfer Coefficient for
ATe=7.2C, G=603 kg/m2s, xut=39.4%, and q2((,=90 W/cm2K
Experimental and Correlated Two-Phase Heat
Transfer Coefficient, ATe=11.2C, G=603
kg/m2s, xout=37.3%, q2(|)=84 W/cm2K
7.0E+04
_
6.0E+04
* 5.0E+04
E 4.0E+04
5 3.0E+04 -p=
ct 2.0E+04
1.0E+04
0.0E+00
0.1 0.2 0.3
Vapor Mass Fraction
Experiment Kandlikar Correlation
Figure 7.25e: Experimental and Correlated Two-Phase Heat Transfer Coefficient for
ATe=11.2C, G=603 kg/m2s, x0ut=37.3%, and q2())=84 W/cm2K
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Experimental and Correlated Two-Phase Heat
Transfer Coefficient, ATe=11.7C, G=603
kg/m2s, xout=44.8%, q2(^=95 W/cm2K
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Figure 7.25f: Experimental and Correlated Two-Phase Heat Transfer Coefficient for
ATe=11.7C, G=603 kg/m2s, xout=44.8%, and q2(t)=95 W/cm2K
Experimental and Correlated Two-Phase Heat
Transfer Coefficient, ATe=13.5C, G=603 kg/m2s,
xout=57.3%, q24,=121 W/cm2K
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Figure 7.25g: Experimental and Correlated Two-Phase Heat Transfer Coefficient for
ATe=13.5C, G=603 kg/m2s, x0t=57.3%, and q2$=121 W/cm2K
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Experimental and Correlated Two-Phase Heat
Transfer Coefficient, ATe=14.1C, G=603
kg/m2s, xout=64.9%, q2(|=132 W/cm2K
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Figure 7.25h: Experimental and Correlated Two-Phase Heat Transfer Coefficient for
ATe=14.1C, G=603 kg/m2s, xout=64.9%, and q2+=132 W/cm2K
Experimental and Correlated Two-Phase Heat
Transfer Coefficient, ATe=16.8C, G=603
kg/m2s, xout=64.9%, q2,=132 W/cm2K
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Figure 7.25i: Experimental and Correlated Two-Phase Heat Transfer Coefficient for
ATe=16.8C, G=603 kg/m2s, xout=64.9%, and q2(t,=132 W/cm2K
73
Comparison of Kandlikar Correlation and
Experimental Two-Phase Average Heat Transfer
Coefficients
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Figure 7.25j: Comparison of average heat transfer coefficients from the Kandlikar
correlation and the experiments
Figure 7.26 shows the comparison of single-phase pressure drop datawith laminar
flow theory and the Blasius correlation. Since the system was designed to detect large
pressure drops, there is a notable discrepancy between laminar flow theory and the
experimentally determined friction factors; these datawere taken at low flow rates thus have
very small pressure drops, allowing the experimental error in the pressure transducer to
become dominant. For turbulent flow, however, the experimentally determined friction
factors lie much closer to the friction factors predicted by the Blasius correlation, indicating
that higher pressure drops are recorded more accurately in the current work.
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Friction Factor Comparison: Experimental
Single-Phase Friction Factor and Correlated
Friction Factor
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Figure 26: Comparison of correlated single-phase friction factors to experimentally
determined friction factors
7.2 Results forMethod II
Figures 7.27-7.29 illustrate the data obtained by using Method II, where the process
watermass flux is maintained at 101 kg/m2s while surface temperature and the resultant
surface excess temperature is changed between data points. The data are also presented in
tabular form in Appendix C.
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Heat Flux vs Excess Temperature, G=101 kg/m2s
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Figure 7.27: Heat flux as a function of surface excess temperature using Method II
Despite significant scatter in the data presented in Figure 7.27, heat flux generally
y
increases with wall superheat to a local maximum at approximately Q=30.5 W/m , which is
within experimental error of the maximum heat flux value obtained using Method I (see
Figure 7.1). It is interesting to note that while the maximum heat flux value is independent of
themethod used, the shape of the heat flux curve and its dependence upon excess
temperature is clearly different forMethod II (Figure 7.27) than forMethod I (Figure 7.1).
This effect is studied further in Figures 7.30-7.32. Figure 7.27 shows that for surface excess
temperatures greater than 47.6C the heat flux decreases with increasing excess temperature,
indicating the presence of a transition to the film boiling regime, referred to in literature as
liquid sublayer dryout due to the formation of a vapor blanket.
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Outlet Vapor Mass Fraction vs Excess Temperature,
G=101 kg/m2s
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Figure 7.28: Exit quality as a function of surface excess temperature forMethod II
Figure 7.28 shows that for high excess temperatures, a decrease in outlet quality
results for excess temperatures above 47.6C, again indicating a change in boiling regime
from nucleate boiling. Generally, for lower excess temperatures, exit quality increases with
increasing excess temperature until the maximum heat flux is obtained. Note that exit
qualities (equilibrium qualities) above 100% are obtained, indicating some superheated vapor
is present in the outlet stream.
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Pressure Drop vs Excess Temperature, G=101
kg/m2s
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Figure 7.29: Two-phase pressure drop as a function of surface excess temperature using
Method II
Figure 7.29 shows an interesting trend for pressure drop in post-maximum heat flux
conditions; for pre-maximum heat flux conditions the pressure drop increases with increasing
surface excess temperature until amaximum is reached at dryout, then the pressure drop
decreases with increasing excess temperature for post-maximum heat flux conditions.
Presumably this decrease in pressure drop in post-maximum heat flux conditions is a result of
reduced bubble activity in the transition to film boiling. The vapor blanket that forms next to
the channel wall insulates the liquid water in the channel, preventing nucleation.
Figures 7.30-7.32 compare the data obtained using Method I with those obtained
using Method II. These plots illustrate the sensitivity
of flow boilingmechanisms to the
manner in which the condition (surface temperature and flow rate) is approached.
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Comparison of Heat Flux vs Excess Temperature for
Method I and Method II, G=101 kg/m2s
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Figure 7.30: Comparison of heat flux data obtained using Method I andMethod II as a
function of surface excess temperature
Figure 7.30 shows that in the region ofdryout, the method of approaching the data
point has very little influence on the value ofmaximum heat flux, but the onset ofdryout
occurs at amuch lower surface excess temperature for the mass flux changingmethod
(Method I) than for the surface temperature changing case (Method II). Specifically, the
lowest excess temperature where the maximum heat flux obtained using Method I was
approximately 8.1C, where the onset ofdryout forMethod II occurred at an excess
temperature of approximately 41 .9C. One explanation for this behavior is that forMethod I,
each data point followed an experiment at a lowermass flux. Since it is shown in this work
that both the value ofmaximum heat flux and the excess temperature at which it occurs are
increasing functions of excess temperature due to the excess temperature driven nature of the
flow boiling regimes, it is likely that the flow regimes set up at a lowermass flux in Method I
continued at the highermass flux. One specific example is that if a maximum heat flux
(dryout) condition occurs at a lowermass flux, then the mass flux is increased at the same
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surface excess temperature, the flow boiling regimes may remain unchanged at the new
condition. In this manner themethod of approaching a condition is very influential in the
two-phase heat transfer for this minichannel.
Comparison of Outlet Vapor Mass Fraction vs
Excess Temperature for Method I and Method II,
G=101 kg/m2s
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Figure 7.31 : Exit quality as a function of surface excess temperature comparison
between Method I andMethod II
Figure 7.31 shows again that the two-phase boiling phenomenon is influenced by the
method of approaching the mass flux and surface temperature condition in the pre-dryout
region. At dryout, however, the value of exit quality is independent ofmethod while the
excess temperature at which the quality is equal to the maximum heat flux quality is lower
forMethod I than forMethod II. Again, this is most likely due to the state ofdevelopment of
the boiling regimes for the two differentmethods. When surface temperature is increased as
the independent variable and mass flux remains constant, it is possible that the boiling
regimes (and consequently the pressure drop development) develop naturally at higher
surface temperatures compared to when the surface temperature remains constant and the
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mass flux is increased. In the case where surface temperature is unchanged and mass flux is
increased, it is possible that the rapid bubble growth and departure and slug formation that
are responsible for higher pressure drops develop at the lowermass flux then continue as the
mass flux is increased.
Comparison of Pressure Drop vs Excess
Temperature for Method I and Method II, G=101
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Figure 7.32: Pressure drop as a function of excess temperature comparison forMethod
I andMethod II
Figure 7.32 shows that with the exception ofdata around an excess temperature of
20C, the two-phase pressure drop in the channel is generally independent of themethod
used to approach the data. The higher pressure drop obtained usingMethod I in the region of
excess temperature of20C may indicate violent nucleate boiling that would explain some of
the differences in exit quality and heat flux between the two methods shown in Figures 7.30
and 7.31.
Figures 7.33 -7.47 show the pressure drop as a function of time, taken at a rate of one
point every 0.1 seconds using Method II
to approach channel conditions. It is interesting to
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note the differences in the time dependent pressure drop fluctuations as surface temperature
is increased at a constant mass flux. Each data set was takenwhen the system had reached
steady operation in terms of temperatures since boiling phenomena will always involve time
dependent pressure drop behavior. Data for these observations are reported in tabular form in
Appendix D.
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Channel Differential Pressure, Ts=96.9C, G=101 kg/m2s
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Figure 7.33: Time dependent differential pressure usingMethod II, TS=96.9C
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Figure 7.34: Time dependent differential pressure using Method II, TS=107.7C
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Channel Differential Pressure, Ts=110.7C, G=101 kg/m2s
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Figure 7.35: Time dependent differential pressure usingMethod II, TS=110.7C
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Figure 7.36: Time dependent differential pressure usingMethod II, TS=114.8C
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Figure 7.37: Time dependent differential pressure using Method II, TS=120.0C
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Channel Differential Pressure, Ts=125.2C, G=101 kg/m2s
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Figure 7.38: Time dependent differential pressure usingMethod II, TS=125.2C
Channel Differential Pressure, Ts=129.9C, G=101 kg/m2s
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Figure 7.39: Time dependent differential pressure using Method II, TS=129.9C
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Figure 7.40: Time dependent differential pressure using
Method II, TS=135.0C
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Channel Differential Pressure, Ts=140.0C, G=101 kg/m2s
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Figure 7.41: Time dependent differential pressure using Method II, TS=140.0C
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Figure 7.42: Time dependent differentia] pressure using Method II, TS=145.1C
Ol
O
Ol
3
O
O
O
Channel Differential Pressure, Ts=149.8C, G=101 kg/m2s
0 0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0
Time (s)
Figure 7.43: Time dependent differential pressure usingMethod II, TS=149.8C
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Figure 7.44: Time dependent differential pressure usingMethod II, TS=155.3C
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Figure 7.45: Time dependent differential pressure usingMethod II, TS=160.9C
Channel Differential Pressure, Ts=165.8C, G=101 kg/m2s
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Figure 7.46: Time dependent differential pressure usingMethod II, TS=165.8C
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Channel Differential Pressure, Ts=171.2C, G=101 kg/m2s
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Figure 7.47: Time dependent differential pressure using Method II, TS=171.2C
Referring to Figure 7.29, the time averaged differential pressure increases with
increased excess temperature to amaximum then decreases with increased temperature. The
increasing average pressure drop trend corresponds to Figures 7.33 through 7.43.
Figure 7.33 shows that at a low surface temperature (below the inlet saturation
temperature), the single-phase pressure drop is very small (1.1 kPa) and has no discernable
fluctuation with time. As surface temperature is increased, however, Figure 7.34 shows that
nucleation as a result of increased surface excess temperature causes not only an increase in
the average value but also causes fluctuations in the pressure drop. As surface temperature is
raised again, Figures 7.35, 7.36, and 7.37 show small increases in time averaged differential
pressure but no significant change in the amplitude or frequency ofdifferential pressure
fluctuations, indicating that the two-phase flow regime remains constant through this range
of surface temperatures.
In Figure 7.38, however, a significant change in the differential pressure fluctuation
signature appears. The frequency ofoscillations appears to decrease at this higher surface
temperature while the amplitude increases significantly. Perhaps this change marks the
transition from nucleate and free convection boiling to periodic slug flow. As the surface
temperature is increased further, illustrated by Figures 7.39-7.41, the frequency and
amplitude of the pressure signature appear to increase as a
result ofmore violent bubble and
slug interaction as the heat flux
increases toward dryout at higher surface temperatures.
Again in Figure 7.42 a notable change in the
differential pressure signature is
observed as the fluctuations appear to become
less chaotic yet much larger in amplitude.
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Figure 7.43 shows the differential pressure fluctuations obtained at dryout. The time
averaged pressure drop for this experiment was the highest recorded during experiments
usingMethod II.
As the surface temperature increases for Figures 7.44-7.47, the time averaged
pressure drop decreases. The time dependent pressure drop, however, shows amarked
decrease in the occurrence of large differential pressure spikes, each ofwhich presumably
represent a liquid-wall contact resulting in extremely violent boiling for short periods of time.
Note the extremely chaotic nature of the data in Figures 7.46 and 7.47, corresponding to
surface temperatures of 165.8C and 171.2C, respectively.
Figures 7.48-7.50 illustrate the results of some signal analysis done to identify trends
in the time history ofpressure drop. Fast Fourier Transforms were performed using Matlab
software to identify these parameters. Plots of the magnitude of the Fourier Coefficients for
all data sets obtained usingMethod II are available in Appendix F.
Figure 7.48: Dominant sinusoidal frequency identified by the Fast Fourier Transform
as a function of surface temperature forMethod II
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Figure 7.48 shows that the dominant frequency identified by examining the
magnitudes of the Fourier coefficients decreases with increased surface temperature then
becomes nearly constant, with notable scatter, at high surface temperatures. Since the
maximum frequency that can be resolved for this data is 5 Hz, it is expected that nearly all of
the bubble growth and departure frequencies are not detected. The decreasing frequency in
Figure 7.48 may indicate the development of slug flow, which would have a low frequency
compared to bubble growth and departure.
Magnitude of the Fourier Coefficient at the
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Figure 7.49: Magnitude of the Fourier coefficients at the dominant frequency identified
by the Fast Fourier Transform as a function of surface temperature forMethod II
Figure 7.49 shows that themagnitude of the Fourier coefficients at the dominant
frequency increases with surface temperature until the surface temperature becomes very
high. At high surface temperatures, the magnitude of the Fourier coefficients decreases with
increased surface temperature. Note that the magnitude of the Fourier coefficients begins to
decrease at a higher surface temperature than the temperature where dryout was observed
(see Figure 7.27).
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Peak to Peak Pressure Variation vs Surface
Temperature
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Figure 7.50: Peak to peak pressure variation as a function of surface temperature for
Method II
Figure 7.50 shows the peak-to-peak pressure variation from the time history of
pressure using Method II. At low surface temperatures the peak-to-peak pressure variation is
constant, indicating a single boiling regime is present- presumably nucleate boiling. As
surface temperature is increased further, the peak-to-peak pressure variation increases nearly
linearly with surface temperature up to the temperature at which dryout was observed. At
higher surface temperatures the peak-to-peak pressure variation becomes nearly constant as
surface temperature is varied, indicating that the boiling regime does not change with
increased surface temperature.
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Conclusions
An analysis of the experimental data related to pressure drop, heat transfer, and
critical heat flux is presented in the present work. Themain contributions of the present work
include the heat transfer characterization of a single channel minichannel heat exchanger
utilizing a uniform axial surface temperature and the analysis ofpressure variations in a
minichannel during flow boiling. These results add to the body of available information to
help explain the phenomena of flow boiling heat transfer and pressure drop inminichannels
using a constant temperature heat source, a previously unexplored heatingmethod for this
type of experimental work.
The following conclusions are drawn for a 706 urn circular channel 158.75 mm long with
a uniform temperature surface and a subcooled inlet condition.
1 . Heat flux increases with wall superheat until dryout begins formass fluxes between
43.8 kg/m2s and 264 kg/m2s (Figures 7.1 and 7.2). Once dryout occurs, an increase in
wall superheat has little or no effect on heat flux. Formass fluxes between 603
kg/m2s and 3070 kg/m2s, heat flux increases with wall superheat through the entire
range of experiments (Figure 7.3). The maximum heat flux attained in the present
work is 2.067 MW/m2.
2. Exit quality (exit vapor mass fraction) increases with wall superheat until dryout
begins formass fluxes between 43.8 kg/m2s and 264 kg/m2s (Figures 7.4 and 7.5).
Once dryout occurs, an increase in wall superheat has no effect on heat flux and the
exit equilibrium quality remains constant at 100% or above, indicating some
superheating. Formass fluxes between 603 kg/m2s and 3070 kg/m2s, heat flux
increases with wall superheat through the entire range of experiments (Figure 7.6).
3. Pressure drop through the channel is nearly constant for dryout conditions (Figure
7.7). In the case of two-phase boiling with a wet outlet condition (quality is less than
100%, Figures 7.8 and 7.9), the pressure drop increases with wall superheat. The
pressure drop in flow boiling before dryout develops appears to be independent of
mass flux.
4. The heat flux at which dryout first occurs increases with mass flux (Figure 7.13).
5 . The pressure drop at the onset ofdryout increases withmass flux (Figure 7.14).
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6. The outlet quality at the onset ofdryout decreases with mass flux (Figure 7.15).
7. The wall superheat at which dryout occurs increases withmass flux (Figure 7.16).
8. The value ofdryout maximum heat flux is independent of the method used to
approach the channel and flow conditions (Figure 7.28), but pressure drop (Figure
7.29) and the wall superheat (Figure 7.30) at the onset ofdryout are sensitive to the
method. If the wall superheat remains constant and the flow rate is increased, boiling
mechanisms already in place continue to provide higher heat fluxes at low wall
superheats. If the mass flux remains constant and the wall superheat is increased, the
more efficient flow boiling mechanisms are forced to develop naturally at higherwall
superheats.
9. The average two-phase heat transfer coefficient is dependent on mass flux only for
low wall superheats. At highwall superheats, the two-phase heat transfer coefficient
is nearly independent ofwall superheat (Figures 7.17 and 7.18).
10. The average two-phase heat transfer coefficient is nearly independent of the average
heat flux in the two-phase region (Figures 7.19 and 7.20).
11. The average overall heat transfer coefficient is nearly independent ofwall superheat
but increases withmass flux (Figures 7.21 and 7.22)
12. The average overall heat transfer coefficient increases with average overall heat flux
when the single-phase region is laminar, but is nearly independent of average overall
heat flux when the single-phase region is turbulent (Figures 7.23 and 7.24).
13. The two-phase data in the laminar (liquid only) regime is in agreement with the
Kandlikar correlation (Figures 25a-25i)
14. The dominant frequency of the time history ofpressure drop decreases as the surface
temperature increases until dryout. Once dryout occurs, the dominant frequencymay
be constant, but significant scatter exists in the data (Figure 7.48).
15. The magnitude of the Fourier coefficients of the time history ofpressure drop
increase with surface temperature, indicating a higher sinusoidal amplitude, until
dryout is reached. Once dryout has occurred, increasing surface temperature results in
a decreasing magnitude (Figure 7.49)
16. The peak-to-peak pressure variation is constant for low surface temperatures
(indicating nucleate boiling is the only regime present), then increases with surface
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temperature (indicating slug flow development and rapid bubble growth and
departure), and for surface temperatures where dryout is present the peak-to-peak
variation is again constant for increased surface temperature (Figure 7.50).
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Appendix A: Data fromMethod I
Filename T14 hr.u
J/kg
T15 ht.K
J/kg
hfl.1S
J/kg
Tle hr.ie
J/kg
r,7 hl.17
J/kg
mdotw
kg/s
mdotc
kg/s
X
%
sp1 18.7 6.37E+04 67.4 2.82E+05 2.34E+06 14.0 5.88E+04 19.9 6.39E+04 2.36E-04 1.25E-03 -8.2%
sp2 22.9 8.77E+04 56.9 2.38E+05 2.37E+06 14.1 5.92E+04 27.2 1.14E+05 6.66E-04 1.25E-03 -0.9%
sp3 28.9 1.21E+05 56.4 2.36E+05 2.37E+06 14.1 5.92E+04 33.7 1.41 E+05 1.20E-03 1.25E-03 -0.4%
sp4 34.8 1.46E+05 55.2 2.31 E+05 2.37E+06 14.3 6.01 E+04 37.3 1.56E+05 1.76E-03 1.25E-03 -0.3%
d1 19.3 6.38E+04 85.3 3.57E+05 2.30E+06 13.9 5.84E+04 18.5 6.37E+04 1.03E-04 1.25E-03 -10.0%
d2 19.0 6.38E+04 87.8 3.68E+05 2.29E+06 13.9 5.84E+04 22.6 8.52E+04 2.36E-04 1.25E-03 -6.1%
d3 21.9 7.95E+04 83.1 3.48E+05 2.30E+06 13.5 5.67E+04 28.8 1.21 E+05 4.30E-04 1.25E-03 -1.8%
d4 27.4 1.15E+05 84.8 3.55E+05 2.30E+06 13.7 5.75E+04 36.3 1.52E+05 6.66E-04 1.25E-03 -1.1%
d5 32.0 1.34E+05 83.4 3.49E+05 2.30E+06 13.7 5.75E+04 40.2 1.68E+05 9.28E-04 1.25E-03 -1.4%
d6 35.7 1 .50E+05 81.2 3.40E+05 2.31 E+06 13.5 5.67E+04 44.5 1.86E+05 1.20E-03 1.25E-03 -0.8%
d7 39.4 1.65E+05 80.3 3.36E+05 2.31 E+06 13.5 5.67E+04 47.9 2.01 E+05 1.48E-03 1.25E-03 -0.6%
d8 42.6 1.78E+05 79.2 3.32E+05 2.31 E+06 13.5 5.67E+04 49.9 2.09E+05 1.76E-03 1.25E-03 -0.6%
d51 20.0 6.40E+04 96.7 4.05E+05 2.27E+06 12.8 5.38E+04 30.6 1.28E+05 1.03E-04 2.21E-03 58.3%
d52 20.7 6.97E+04 99.8 4.18E+05 2.26E+06 15.5 6.31 E+04 33.6 1.41E+05 2.36E-04 2.21 E-03 20.0%
d53 19.7 6.39E+04 97.9 4.10E+05 2.26E+06 14.2 5.96E+04 34.8 1.46E+05 4.30E-04 2.21 E-03 7.9%
d54 22.6 8.52E+04 97.1 4.07E+05 2.26E+06 13.6 5.71 E+04 37.2 1.56E+05 6.66E-04 2.21 E-03 3.4%
d55 25.4 1.07E+05 96.8 4.06E+05 2.27E+06 13.5 5.67E+04 39.8 1.67E+05 9.28E-04 2.21 E-03 1.0%
d56 28.7 1 .20E+05 95.6 4.00E+05 2.27E+06 13.4 5.63E+04 39.9 1.67E+05 1.20E-03 2.21 E-03 -1.3%
d57 30.5 1.28E+05 96.4 4.04E+05 2.27E+06 13.3 5.59E+04 44.6 1.87E+05 1.48E-03 2.21E-03 -1.0%
d58 32.3 1.35E+05 94.9 3.98E+05 2.27E+06 13.2 5.54E+04 47.2 1.98E+05 1.76E-03 2.21 E-03 -0.9%
d101 38.6 1.62E+05 98.3 4.12E+05 2.26E+06 13.6 5.71 E+04 26.2 1.10E+05 1.03E-04 4.20E-03 81.6%
d102 45.3 1.90E+05 98.2 4. 11 E+05 2.26E+06 13.7 5.75E+04 34.2 1.43E+05 2.36E-04 4.20E-03 55.6%
d103 43.0 1.80E+05 98.2 4. 11 E+05 2.26E+06 13.8 5.80E+04 37.5 1.57E+05 4.30E-04 4.20E-03 31.5%
d104 38.3 1.60E+05 98.1 4.11E+05 2.26E+06 13.7 5.75E+04 40.0 1.68E+05 6.66E-04 4.20E-03 19.9%
d105 36.3 1.52E+05 98.3 4.12E+05 2.26E+06 13.8 5.80E+04 41.3 1.73E+05 9.28E-04 4.20E-03 12.4%
d106 34.9 1.46E+05 98.8 4.14E+05 2.26E+06 13.9 5.84E+04 43.4 1.82E+05 1.20E-03 4.20E-03 8.8%
d107 33.9 1.42E+05 98.9 4.14E+05 2.26E+06 13.8 5.80E+04 45.7 1.91 E+05 1.48E-03 4.20E-03 6.9%
d108 33.7 1.41E+05 99.1 4.15E+05 2.26E+06 13.8 5.80E+04 47.8 2.00E+05 1.76E-03 4.20E-03 5.5%
d140 10 42.0 1.76E+05 96.3 4.03E+05 2.27E+06 13.8 5.80E+04 30.2 1.27E+05 1.03E-04 3.19E-03 81.6%
d140 20 43.3 1.81 E+05 96.2 4.03E+05 2.27E+06 13.5 5.67E+04 35.9 1.50E+05 2.36E-04 3.19E-03 44.8%
d140 30 41.1 1.72E+05 96.3 4.03E+05 2.27E+06 13.6 5.71 E+04 37.5 1.57E+05 4.30E-04 3.19E-03 21.9%
d140 40 38.1 1.60E+05 96.5 4.04E+05 2.27E+06 13.5 5.67E+04 39.3 1.65E+05 6.66E-04 3.19E-03 12.3%
d140 50 36.0 1.51 E+05 96.5 4.04E+05 2.27E+06 13.5 5.67E+04 41.5 1.74E+05 9.28E-04 3.19E-03 7.6%
d140 60 33.5 1 .40E+05 96.7 4.05E+05 2.27E+06 13.5 5.67E+04 44.2 1.85E+05 1.20E-03 3.19E-03 5.3%
d140 70 32.7 1.37E+05 97.0 4.06E+05 2.26E+06 13.5 5.67E+04 45.4 1.90E+05 1 .48E-03 3.19E-03 3.2%
d140 80 32.3 1.35E+05 97.3 4.08E+05 2.26E+06 13.6 5.71 E+04 46.9 1.96E+05 1 .76E-03 3.19E-03 1.9%
d135 10 40.9 1.71 E+05 99.2 4.16E+05 2.26E+06 16.3 6.32E+04 32.0 1.34E+05 1.03E-04 3.19E-03 84.7%
d135 20 45.4 1 .90E+05 98.9 4.14E+05 2.26E+06 16.3 6.32E+04 34.7 1.45E+05 2.36E-04 3.19E-03 37.3%
d135 30 42.8 1 .79E+05 98.8 4.14E+05 2.26E+06 16.4 6.33E+04 36.4 1 .53E+05 4.30E-04 3.19E-03 17.8%
d135 40 38.9 1 .63E+05 98.7 4.14E+05 2.26E+06 16.4 6.33E+04 38.8 1.63E+05 6.66E-04 3.19E-03 10.0%
d135 50 37.0 1 .55E+05 98.5 4.13E+05 2.26E+06 16.3 6.32E+04 40.9 1.71 E+05 9.28E-04 3.19E-03 5.8%
d135 60 35.4 1.48E+05 98.5 4.13E+05 2.26E+06 16.4 6.33E+04 43.6 1.83E+05 1.20E-03 3.19E-03 3.8%
d135 70 34.4 1 .44E+05 98.4 4.12E+05 2.26E+06 16.4 6.33E+04 45.5 1.91 E+05 1.48E-03 3.19E-03 2.3%
d135 80 34.1 1.43E+05 98.5 4.13E+05 2.26E+06 16.6 6.33E+04 46.2 1.93E+05 1.76E-03 3.19E-03 0.8%
d110 10 19.4 6.38E+04 96.5 4.04E+05 2.27E+06 16.9 6.34E+04 29.8 1.25E+05 1.03E-04 1.25E-03 20.5%
d110 20 19.2 6.38E+04 96.6 4.05E+05 4.05E+05 16.7 6.33E+04 30.7 1.29E+05 2.36E-04 1.25E-03 17.2%
d110 30 19.3 6.38E+04 96.4 4.04E+05 2.27E+06 16.4 6.33E+04 33.6 1.41 E+05 4.30E-04 1.25E-03 -1.7%
d110 40 20.1 6.48E+04 91.4 3.83E+05 2.28E+06 16.3 6.32E+04 37.9 1.59E+05 6.66E-04 1.25E-03 -2.0%
d110 50 21.1 7.30E+04 81.2 3.40E+05 2.31 E+06 16.3 6.32E+04 39.0 1.63E+05 9.28E-04 1.25E-03 -1.8%
d110 60 22.5 8.44E+04 85.6 3.58E+05 2.29E+06 16.3 6.32E+04 45.6 1.91 E+05 1.20E-03 1.25E-03 -1.5%
d110 70 23.8 9.51 E+04 82.6 3.46E+05 2.30E+06 16.4 6.33E+04 48.3 2.02E+05 1.48E-03 1.25E-03 -1.2%
d110 80 25.0 1.05E+05 79.7 3.34E+05 2.31 E+06 16.4 6.33E+04 49.3 2.06E+05 1.76E-03 1.25E-03 -1.1%
sp80 70 23.9 9.59E+04 48.8 2.04E+05 2.39E+06 16.4 6.33E+04 32.1 1.35E+05 1.48E-03 1.25E-03 -0.4%
d120 10 19.0 6.38E+04 95.0 3.98E+05 2.27E+06 17.4 6.35E+04 50.2 2.10E+05 1.03E-04 1.13E-03 62.5%
d120 20 18.7 6.37E+04 94.8 3.97E+05 2.27E+06 17.2 6.34E+04 50.4 2.11 E+05 2.36E-04 1.13E-03 22.9%
d120 30 19.4 6.38E+04 94.5 3.96E+05 2.27E+06 17.1 6.34E+04 52.2 2.19E+05 4.30E-04 1.13E-03 10.1%
d120 40 22.0 8.03E+04 94.4 3.95E+05 2.27E+06 17.0 6.34E+04 54.3 2.27E+05 6.66E-04 1.13E-03 4.8%
d120 50 25.1 1.05E+05 94.2 3.95E+05 2.27E+06 17.0 6.34E+04 52.6 2.20E+05 9.28E-04 1.13E-03 0.7%
d120 60 27.2 1.14E+05 94.2 3.95E+05 2.27E+06 16.9 6.34E+04 58.2 2.44E+05 1.20E-03 1.13E-03 0.8%
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Filename Q
Watts c W/cm2
Inlet Re Pm
kPa
'saUn
"c
Ap
kPa
"ou(
kPa
Pmean
kPa
'
sal,moan
c
G
kg/s.m 2
AT.
c c
sp1 6.5 72.7 1.84 534 93.0 97.4 0.0 93.0 93.0 97.6 603.0 -24.9 78.8
sp2 86.0 66.0 24.44 1507 103.4 100.5 9.1 94.3 98.9 99.3 1701.3 -33.3 77.6
sp3 126.5 59.0 35.92 2722 140.0 109.2 44.3 95.7 117.9 104.2 3072.8 -45.2 80.3
sp4 138.4 57.2 39.31 3971 192.8 119.0 95.7 97.2 145.0 110.3 4482.8 -53.1 84.3
d1 6.6 96.4 1.87 233 91.3 96.9 0.0 91.3 91.3 97.2 263.5 -0.8 77.6
d2 38.6 94.6 10.96 534 91.8 97.1 0.0 91.8 91.8 97.3 603.0 -2.7 78.0
d3 97.7 92.3 27.75 973 94.9 98.0 2.1 92.9 93.9 97.7 1098.5 -5.4 76.1
d4 142.8 88.6 40.55 1507 105.9 101.1 12.0 93.9 99.9 99.6 1701.3 -11.0 73.8
d5 170.1 86.5 48.32 2100 119.8 104.7 25.0 94.8 107.3 101.5 2370.4 -14.9 72.7
d6 206.0 84.6 58.51 2722 142.0 109.6 46.8 95.2 118.6 104.4 3072.8 -19.7 74.0
d7 232.1 83.9 65.91 3351 166.1 114.4 70.3 95.7 130.9 107.3 3782.8 -23.3 75.0
d8 243.4 82.6^ 69.14 3971 193.3 119.1 96.7 96.6 145.0 110.3 4482.8 -27.7 76.6
d51 171.4 114.6 48.68 233 153.3 112.0 55.3 98.0 125.6 106.1 263.5 8.5 92.0
d52 188.7 117.3 53.58 534 169.1 115.0 62.6 106.5 137.8 108.7 603.0 8.5 94.2
d53 225.8 113.0 64.14 973 161.5 113.5 57.0 104.5 133.0 107.7 1098.5 5.3 93.8
d54 265.4 109.5 75.36 1507 138.5 108.9 38.9 99.6 119.1 104.5 1701.3 5.0 86.3
d55 299.1 107.7 84.95 2100 135.1 108.2 35.2 99.9 117.5 104.1 2370.4 3.6 82.8
d56 301.4 106.0 85.60 2722 141.5 109.5 42.6 98.9 120.2 104.8 3072.8 1.3 80.9
d57 376.7 103.0 106.97 3351 153.9 112.1 54.0 99.8 126.8 106.4 3782.8 -3.4 81.6
d58 423.6 101.1 120.30 3971 179.5 116.8 79.1 100.4 139.9 109.2 4482.8 -8.1 84.5
d101 216.2 138.5 61.40 233 298.3 133.3 171.4 101.3 199.8 120.2 263.5 LJ_8.3 94.7
d102 349.1 136.3 99.15 534 300.9 133.6 173.3 101.3 201.1 120.4 603.0 15.9 88.4
d103 406.3 135.5 115.38 973 301.8 133.7 173.3 101.3 201.6 120.5 1098.5 15.0 90.8
d104 466.5 133.8 132.48 1507 290.4 132.4 173.3 101.3 195.9 119.5 1701.3 14.3 94.2
d105 502.1 132.0 142.61 2100 279.0 131.1 171.9 101.3 190.2 118.6 2370.4 13.4 94.8
d106 560.5 129.4 159.19 2722 265.2 129.4 157.2 108.1 186.7 118.0 3072.8 11.4 94.5
d107 632.9 127.2 179.74 3351 260.5 128.8 151.2 109.3 184.9 117.7 3782.8 9.5 94.9
d108 700.0 125.7 198.81 3971 264.5 129.3 154.4 110.0 187.2 118.1 4482.8 7.6 95.6
d140 10 214.3 128.3 60.85 233 239.0 125.9 136.6 102.4 170.7 115.3 263.5 13.1 83.9
d140 20 292.1 126.0 82.97 534 230.6 124.8 129.0 101.6 166.1 114.4 603.0 11.7 81.4
d140 30 313.0 125.4 88.89 973 230.8 124.8 128.2 102.6 166.7 114.5 1098.5 10.9 83.7
d140 40 348.2 123.7 98.88 1507 221.9 123.5 119.1 102.8 162.3 113.7 1701.3 10.0 85.5
d140 50 395.5 122.4 112.32 2100 216.3 122.7 113.4 102.9 159.6 113.2 2370.4 9.2 86.7
d140 60 464.0 118.9 131.77 2722 201.1 120.4 97.5 103.5 152.3 111.8 3072.8 7.1 86.9
d140 70 504.8 116.1 143.36 3351 194.5 119.3 90.3 104.2 149.4 111.2 3782.8 4.9 86.6
d140 80 551.9 114.0 156.74 3971 200.8 120.4 95.9 105.0 152.9 111.9 4482.8 2.1 88.0
d135 10 222.6 124.7 63.23 233 204.4 120.9 98.6 105.7 155.1 112.3 263.5 12.3 80.0
d135 20 252.0 123.8 71.56 534 207.1 121.3 101.3 105.8 156.5 112.6 603.0 11.2 75.9
d135 30 273.6 122.9 77.72 973 205.9 121.1 100.3 105.7 155.8 112.5 1098.5 10.4 78.3
d135 40 316.9 120.7 90.00 1507 196.3 119.6 91.0 105.3 150.8 111.5 1701.3 9.2 80.7
d135 50 360.4 119.0 102.35 2100 189.0 118.4 83.7 105.3 147.2 110.8 2370.4 8.2 81.4
d135 60 422.4 116.5 119.97 2722 181.8 117.2 77.0 104.8 143.3 109.9 3072.8 6.6 81.8
d135 70 475.2 114.3 134.97 3351 183.8 117.5 79.4 104.4 144.1 110.1 3782.8 4.2 83.1
d135 80 504.5 112.4 143.27 3971 196.3 119.6 91.6 104.7 150.5 111.5 4482.8 1.0 85.5
d110 10 83.2 103.9 23.62 233 108.5 101.8 13.7 94.7 101.6 100.0 263.5 3.8 82.4
d110 20 96.9 102.7 27.53 534 107.5 101.5 11.3 96.2 101.9 100.1 603.0 2.6 82.3
d110 30 129.9 100.8 36.90 973 101.7 100.1 5.4 96.3 99.0 99.3 1098.5 1.5 80.8
d110 40 181.9 98.0 51.65 1507 102.7 100.3 7.0 95.7 99.2 99.4 1701.3 -1.4 80.3
d110 50 208.9 97.5 59.33 2100 104.2 100.7 9.1 95.1 99.7 99.5 2370.4 -2.0 79.6
d110 60 287.5 92.0 81.66 2722 125.8 106.2 30.0 95.8 110.8 102.4 3072.8 -10.4 83.7
d110 70 332.1 90.0 94.32 3351 141.7 109.6 45.4 96.3 119.0 104.5 3782.8 -14.4 85.8
d110 80 356.8 87.9 101.33 3971 162.3 113.7 65.1 97.2 129.8 107.0 4482.8 -19.1 88.7
sp80 70 146.3 57.5 41.54 3351 133.3 107.8 36.8 96.5 114.9 103.4 3782.8 -45.9 83.9
d120 10 181.0 110.4 51.40 233 148.6 111.1 48.1 100.5 124.6 105.9 263.5 4.5 92.1
d120 20 201.6 109.2 57.26 534 145.5 110.4 45.2 100.3 122.9 105.5 603.0 3.7 91.7
d120 30 241.9 106.2 68.70 973 127.1 106.4 32.2 94.9 111.0 102.4 1098.5 3.8 87.1
d120 40 283.2 103.7 80.43 1507 118.7 104.4 23.5 95.2 106.9 101.4 1701.3 2.3 82.4
d120 50 283.9 102.5 80.63 2100 119.2 104.5 24.3 95.0 107.1 101.4 2370.4 1.0 79.4
d120 60 359.6 101.0 102.13 2722 130.7 107.2 35.2 95.5 113.1 103.0 3072.8 -1.9 80.0
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%d120 70 29.2 1 .22E+05 90.8 3.80E+05 2.28E+06 16.8 6.33E+04 59.7 2.50E+05 1.48E-03 1.13E-03 0.5%
d120 80 31.0 1.30E+05 90.2 3.78E+05 2.28E+06 16.9 L6.34E+04 62.1 2.60E+05 1.76E-03 1.13E-03 0.4%
d130 10 40.7 1.70E+05 94.8 3.97E+05 2.27E+06 17.5 6.35E+04 49.7 2.08E+05 1 .03E-04 1.71 E-03 97.0%
d130 20 45.2 1.89E+05 94.9 3.98E+05 2.27E+06 17.5 6.35E+04 50.8 2.13E+05 2.36E-04 1.71 E-03 39.4%
d130 30 42.2 1 .77E+05 94.9 3.98E+05 2.27E+06 17.5 6.35E+04 53.5 2.24E+05 4.30E-04 1.71 E-03 20.4%
d130 40 38.3 1 .60E+05 95.0 3.98E+05
_2.27E+0617.5 6.35E+04 55.0 2.30E+05 6.66E-04 1.71E-03 1 1 .4%
d130 50 35.7 1 .50E+05 94.9 3.98E+05 2.27E+06 17.4 6.35E+04 56.6 2.37E+05 9.28E-04 1.71E-03 7.0%
d130 60 33.6 1.41E+05 95.0 3.98E+05 L 2.27E+06 17.5 6.35E+04 59.0 2.47E+05 1 .20E-03 1.71 E-03 4.8%
d130 70 32.6 1 .37E+05 95.0 3.98E+05 2.27E+06 17.5 6.35E+04 59.3 2.48E+05 1.48E-03 1.71 E-03 2.8%
d130 80 32.3 1.35E+05 95.2 3.99E+05 2.27E+06 17.5 6.35E+04 58.2 2.44E+05 1 .76E-03 1.71 E-03 0.9%
d145 10 38.6 1 .62E+05 96.8 4.06E+05 2.27E+06 17.9 6.36E+04 39.3 1.65E+05 1 .03E-04 2.66E-03 104.2%
d145 20 43.4 1.82E+05 96.6 4.05E+05 2.27E+06 17.7 6.35E+04 50.5 2. 11 E+05 2.36E-04 2.66E-03 64.9%
d145 30 42.2 1 .77E+05 96.5 4.04E+05 2.27E+06 17.6 6.35E+04 52.1 2.18E+05 4.30E-04 2.66E-03 33.9%
d145 40 38.2 1 .60E+05 96.4 4.04E+05 2.27E+06 17.5 6.35E+04 53.5 2.24E+05 6.66E-04 2.66E-03 20.3%
d145 50 35.7 1.50E+O5 96.4 4.04E+05 2.27E+06 17.4 6.35E+04 55.7 2.33E+05 9.28E-04 2.66E-03 13.9%
d145 60 34.4 1.44E+05 96.4 4.04E+05 2.27E+06 17.3 6.34E+04 59.0 2.47E+05 1 .20E-O3 2.66E-03 1 1 .0%
d145 70 33.6 1.41E+05 96.6 4.05E+05 2.27E+06 17.3 6.34E+04 60.1 2.52E+05 1 .48E-03 2.66E-03 8.1%
d145 80 33.7 1.41 E+05 96.8 4.06E+05 2.27E+06 17.4 6.35E+04 61.9 2.59E+05 1 .76E-03 2.66E-03 6.6%
e100 30 19.2 6.38E+04 87.2 3.65E+05 2.29E+06 19.5 6.39E+04 34.2 1.43E+05 1.72E-05 9.24E-05 9.0%
e100 60 19.1 6.38E+04 86.7 3.63E+05 2.29E+06 19.3 6.38E+04 36.1 1.51 E+05 3.95E-05 9.24E-05 -0.3%
e100 90 19.1 6.38E+04 90.0 3.77E+05 2.28E+06 19.4 6.38E+04 43.4 1.82E+05 7.62E-05 9.24E-05 -2.3%
e110 30 19.2 6.38E+04 98.1 4. 11 E+05 2.26E+06 18.1 6.36E+04 50.3 2. 11 E+05 1 .72E-05 3.72E-04 131.9%
e110 60 19.2 6.38E+04 98.0 4.11 E+05 2.26E+06 18.1 6.36E+04 64.3 2.69E+05 3.95E-05 3.72E-04 79.3%
e110 90 19.2 6.38E+04 98.1 4. 11 E+05 2.26E+06 18.0 6.36E+04 62.7 2.62E+05 7.62E-05 3.72E-04 36.3%
e120 30 19.3 6.38E+04 93.6 3.92E+05 2.27E+06 17.7 6.35E+04 39.3 1 .65E+05 1.72E-05 6.22E-04 151.2%
e120 60 19.5 6.39E+04 96.3 4.03E+05 2.27E+06 17.7 6.35E+04 52.6 2.20E+05 3.95E-05 6.22E-04 100.8%
e120 90 19.6 6.39E+04 96.1 4.03E+05 2.27E+06 17.6 6.35E+04 70.9 2.97E+05 7.62E-05 6.22E-04 79.3%
e130 30 27.3 1.15E+05 93.4 3.91 E+05 2.27E+06 17.1 6.34E+04 30.2 1 .27E+05 1 .72E-05 1.01 E-03 151.5%
e130 60 19.7 6.39E+04 96.9 4.06E+05 2.27E+06 16.8 6.33E+04 39.8 1 .67E+05 3.95E-05 1.01 E-03 105.9%
e130 90 37.1 1 .55E+05 97.0 4.06E+05 2.26E+06 18.0 6.36E+04 58.6 2.45E+05 7.62E-05 1.01 E-03 98.9%
e135 30 24.5 1.01 E+05 95.9 4.02E+05 2.27E+06 18.2 6.36E+04 28.1 1.18E+05 1 72E-05 1.25E-03 161.9%
e135 60 29.0 1.22E+05 96.8 4.06E+05 2.27E+06 17.8 6.35E+04 36.0 1.51 E+05 3.95E-05 1 .25E-03 1 1 1 .0%
e135 90 37.0 1 .55E+05 96.9 4.06E+05 2.27E+06 17.7 6.35E+04 51.5 2.16E+05 7.62E-05 1.25E-03 101.9%
e140 30 24.4 1 .00E+05 92.1 3.86E+05 2.28E+06 17.7 6.35E+04 26.7 1.12E+05 1.72E-05 1 .37E-03 157.8%
e140 60 28.2 1.18E+05 94.1 3.94E+05 2.27E+06 17.7 6.35E+04 33.3 1.40E+05 3.95E-05 1 .37E-03 104.9%
e140 90 36.3 1 .52E+05 97.0 4.06E+05 2.26E+06 17.6 6.35E+04 48.5 2.03E+05 7.62E-05 1.37E-03 101.8%
e145 30 23.1 8.93E+04 94.2 3.95E+05 2.27E+06 18.1 6.36E+04 30.5 1.28E+05 1 .72E-05 1 .37E-03 214.0%
e145 60 25.4 1.07E+05 94.4 3.95E+05 2.27E+06 18.0 6.36E+04 32.8 1.37E+05 3.95E-05 1.37E-03 101.5%
e145 90 35.7 1.57E+05 97.1 4.07E+05 2.26E+06 18.1 6.36E+04 50.0 2.09E+05 7.62E-05 1.37E-03 106.9%
e150 30 24.0 9.67E+04 92.8 3.89E+05 2.28E+06 19.4 6.38E+04 40.1 1.68E+05 1 .72E-05 6.22E-04 156.1%
e150 60 29.6 1.24E+05 95.0 3.98E+05 2.27E+06 20.0 6.40E+04 55.9 2.34E+05 3.95E-05 6.22E-04 110.7%
e150 90 37.0 1.55E+05 97.1 4.07E+05 2.26E+06 19.4 6.38E+04 67.1 2.81 E+05 7.62E-05 8.80E-04 105.1%
d142 10 38.0 1.59E+05 98.2 4.11 E+05 2.26E+06 17.4 6.35E+04 38.3 1.60E+05 1 .03E-04 2.66E-03 99.3%
d142 20 43.6 1.83E+05 97.9 4.10E+05 2.26E+06 17.3 6.34E+04 47.2 1.98E+05
_,
2.36E-04 2.66E-03 57.3%
d142 30 41.7 1.75E+05 97.7 4.09E+05 2.26E+06 17.3 6.34E+04 48.8 2.04E+05 4.30E-04 2.66E-03 29.4%
d142 40 38.6 1.62E+05 97.6 4.09E+05 2.26E+06 17.1 6.34E+04 50.8 2.13E+05 6.66E-04 2.66E-03 17.6%
d142 50 36.8 1.54E+05 97.7 4.09E+05 2.26E+06 17.1 6.34E+04 52.8 2.21 E+05 9.28E-04 2.66E-03 1 1 .6%
d142 60 35.0 1.47E+05 97.8 4.10E+05 2.26E+06 17.1 6.34E+04 55.8 2.34E+05 1.20E-03 2.66E-03 8.8%
d142 70 34.1 1 .43E+05 98.0 4.11 E+05 2.26E+06 17.2 6.34E+04 58.0 2.43E+05 1 .48E-03 2.66E-03 6.8%
d142 80 36.9 1.55E+05 100.8 4.22E+05 2.25E+06 17.5 6.35E+04 59.4 2.49E+05 1.76E-03 2.66E-03 4.7%
d147 10 36.7 1.54E+05 99.6 4.17E+05 2.26E+06 16.2 6.32E+04 35.7 1.50E+05 1.03E-O4 2.85E-03 93.8%
d147 20 43.0 1.80E+05 99.3 4.16E+05 2.26E+06 16.0 6.32E+04 48.3 2.02E+05 2.36E-04 2.85E-03 64.9%
d147 30 41.3 1.73E+05 99.0 4.15E+05 2.26E+06 15.9 6.32E+04 49.9 2.09E+05 4.30E-04 2.85E-03 33.6%
d147 40 j 38.0 1.59E+05 99.0 4.15E+05 2.26E+06 15.6 6.31 E+04 50.8 2.13E+05 6.66E-04 2.85E-03 19.4%
d147 50 35.3 1.48E+05 99.1 4.15E+05 2.26E+06 15.5 6.31 E+04 53.6 2.24E+05 9.28E-04 2.85E-03 1 3.5%
d147 60 33.7 1.41 E+05 99.1 4.15E+05 2.26E+06 15.6 6.31 E+04 55.8 2.34E+05 1.20E-03 2.85E-03 9.8%
d147 70 32.5 1.36E+05 99.1 4.15E+05 2.26E+06 15.5 6.31 E+04 57.7 2.42E+05 1 .48E-03 2.85E-03 7.5%
d147 80 32.0 1.34E+05 99.2 4.16E+05 2.26E+06 15.3 6.30E+04 59.3 2.48E+05 1 .76E-03 2.85E-03 5.9%
d155 10 37.5 1.57E+05 98.2 4.11 E+05 2.26E+06 12.7 5.33E+04 33.7 1.41 E+05 1.03E-04 2.85E-03 95.4%
d155 20 43.8 1.83E+05 97.9 4.10E+05 2.26E+06 12.7 5.33E+04 48.3 2.02E+05 2.36E-04 2.85E-03 70.3%
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d120 70 399.6 97.4 113.49 3351 150.9 111.5 55.1 95.8 123.3 105.6 3782.8 -8.2 82.4
d120 80 450.3 96.7 127.89 3971 177.0 116.4 80.5 96.5 136.8 108.5 4482.8 -11.9 85.4
d130 10 250.7 117.5 71.21 233 184.1 117.6 82.9 101.1 142.6 109.8 263.5 7.7 76.9
d130 20 260.2 117.9 73.90 534 191.1 118.7 88.9 102.2 146.7 110.7 603.0 7.2 73.6
d130 30 294.2 117.4 83.57 973 182.2 117.2 84.9 97.3 139.7 109.2 1098.5 8.2 75.0
d130 40 331.1 115.5 94.04 1507 174.3 115.9 76.3 98.0 136.2 108.4 1701.3 7.1 77.7
d130 50 377.1 112.7 107.11 2100 164.7 114.1 66.2 98.4 131.5 107.4 2370.4 5.3 78.4
d130 60 440.9 110.5 125.21 2722 159.9 113.2 62.1 97.9 128.9 106.8 3072.8 3.6 79.6
d130 70 480.5 108.5 136.48 3351 162.4 113.7 64.2 98.2 130.3 107.1 3782.8 1.3 81.1
d130 80 497.4 107.7 141.26 3971 184.3 117.6 85.8 98.5 141.4 109.5 4482.8 -1.8 85.4
d145 10 268.8 133.9 76.34 233 263.2 129.1 164.0 99.2 181.2 117.1 263.5 16.8 90.5
d145 20 399.8 131.2 113.55 534 262.4 129.0 162.5 99.9 181.1 117.1 603.0 14.1 85.6
d145 30 428.4 131.1 121.67 973 266.8 129.6 165.8 101.0 183.9 117.5 1098.5 13.6 87.4
d145 40 468.8 128.9 133.14 1507 253.3 127.9 152.0 101.3 177.3 116.4 1701.3 12.5 89.6
d145 50 528.2 127.6 150.02 2100 248.3 127.2 146.7 101.6 174.9 116.0 2370.4 11.5 91.5
d145 60 611.0 125.3 173.53 2722 239.8 126.0 137.5 102.3 171.1 115.3 3072.8 9.9 91.7
d145 70 663.5 122.4 188.45 3351 230.0 124.7 127.8 102.1 166.1 114.4 3782.8 8.1 91.0
d145 80 726.3 120.4 206.29 3971 238.1 125.8 135.4 102.7 170.4 115.2 4482.8 5.2 92.1
e100 30 8.7 98.3 2.47 39 90.4 96.6 0.0 90.4 90.4 96.8 43.8 1.5 77.4
e100 60 11.5 97.7 3.28 89 89.9 96.5 0.0 89.9 89.9 96.8 100.8 0.9 77.4
e100 90 19.9 97.6 5.65 172 91.0 96.8 0.0 91.0 91.0 97.0 194.6 0.5 77.7
e110 30 57.2 107.1 16.23 39 106.6 101.3 9.8 96.8 101.7 100.1 43.8 7.1 82.1
e110 60 84.5 105.0 24.00 89 107.5 101.5 10.8 96.7 102.1 100.2 100.8 4.9 82.3
e110 90 89.0 105.2 25.29 172 108.6 101.8 11.5 97.1 102.8 100.3 194.6 4.9 82.7
e120 30 64.6 115.5 18.34 39 114.1 103.2 17.5 96.6 105.4 101.0 43.8 14.5 83.9
e120 60 103.6 112.1 29.41 89 136.5 108.5 38.6 97.9 117.2 104.0 100.8 8.1 89.0
e120 90 162.7 110.2 46.22 172 134.9 108.1 37.2 97.7 116.3 103.8 194.6 6.4 88.5
e130 30 63.9 125.0 18.14 39 115.0 103.4 17.9 97.0 106.0 101.2 43.8 23.8 76.1
e130 60 108.1 123.3 30.71 89 158.1 112.9 59.7 98.4 128.2 106.7 100.8 16.6 93.2
e130 90 189.8 121.3 53.89 172 183.0 117.4 83.7 99.3 141.2 109.5 194.6 11.8 80.3
e135 30 68.2 130.9 19.36 39 117.3 104.0 18.4 98.9 108.1 101.7 43.8 29.2 79.5
e135 60 110.4 128.9 31.36 89 154.7 112.3 55.7 99.0 126.9 106.4 100.8 22.5 83.2
e135 90 194.9 125.2 55.36 172 205.1 121.0 105.5 99.6 152.4 111.8 194.6 13.4 84.0
e140 30 66.6 136.2 18.91 39 119.3 104.5 19.6 99.7 109.5 102.0 43.8 34.2 80.2
e140 60 105.0 134.3 29.81 89 148.8 111.1 50.7 98.1 123.4 105.6 100.8 28.7 82.9
e140 90 194.9 130.6 55.36 172 231.0 124.8 131.3 99.7 165.4 114.3 194.6 16.4 88.6
e145 30 88.7 140.9 25.18 39 138.9 109.0 34.5 104.4 121.6 105.1 43.8 35.8 85.8
e145 60 102.4 140.4 29.08 89 156.1 112.5 51.8 104.3 130.2 107.1 100.8 33.3 87.1
e145 90 203.5 135.5 57.79 172 266.3 129.5 161.0 105.2 185.8 117.9 194.6 17.6 93.8
e150 30 66.0 145.9 18.73 39 127.1 106.4 24.7 102.4 114.8 103.4 43.8 42.5 82.4
e150 60 110.0 145.0 31.25 89 164.1 114.0 61.1 103.0 133.6 107.8 100.8 37.2 84.4
e150 90 200.5 141.0 56.95 172 287.6 132.1 173.3 101.3 194.4 120.4 194.6 20.7 95.0
d142 10 257.8 130.7 73.21 233 236.2 125.5 132.7 103.4 169.8 115.1 263.5 15.6 87.5
d142 20 360.0 129.1 102.23 534 240.7 126.2 135.9 104.8 172.7 115.6 603.0 13.5 82.6
d142 30 386.9 128.6 109.88 973 244.2 126.6 138.9 105.2 174.7 116.0 1098.5 12.6 85.0
d142 40 430.4 127.3 122.23 1507 239.2 126.0 134.0 105.2 172.2 115.5 1701.3 11.8 87.4
d142 50 480.7 125.3 136.51 2100 230.9 124.8 125.6 105.4 168.2 114.8 2370.4 10.5 88.0
d142 60 556.5 122.8 158.04 2722 220.5 123.3 114.3 106.1 163.3 113.9 3072.8 8.9 88.4
d142 70 624.2 120.9 177.28 3351 220.5 123.3 114.4 106.0 163.2 113.8 3782.8 7.1 89.2
d142 80 656.7 118.5 186.50 3971 224.4 123.9 118.1 106.3 165.3 114.2 4482.8 4.2 87.0
d147 10 245.8 138.2 69.81 233 273.7 130.4 168.8 104.9 189.3 118.4 263.5 19.8 93.8
d147 20 401.6 135.2 114.05 534 276.8 130.8 171.0 101.3 189.0 118.4 603.0 16.8 87.8
d147 30 430.9 134.5 122.38 973 277.8 130.9 172.0 101.3 189.6 118.5 1098.5 16.0 89.6
d147 40 461.9 132.6 131.20 1507 266.0 129.5 160.5 105.5 185.8 117.9 1701.3 14.7 91.5
d147 50 530.7 130.6 150.72 2100 258.1 128.5 152.4 105.7 181.9 117.2 2370.4 13.4 93.2
d147 60 597.0 127.9 169.55 2722 243.7 126.6 137.0 106.7 175.2 116.1 3072.8 11.8 92.9
d147 70 664.5 125.4 188.73 3351 239.5 126.0 132.3 107.2 173.3 115.7 3782.8 9.6 93.5
d147 80 727.9 123.7 206.74 3971 244.8 126.7 137.7 107.1 176.0 116.2 4482.8 7.5 94.7
d155 10 248.9 144.8 70.70 233 313.0 135.0 173.3 101.3 207.1 121.3 263.5 23.5 97.5
d155 20 428.8 141.2 121.80 534 330.4 136.9 173.3 101.3 215.9 122.6 603.0 18.6 93.1
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Filename Tu ht.u
J/kg
T1S nr.is
J/kg
htB,15
J/kg
T1C nt.K
J/kg
T hl.17
J/kg
mdotw
kg/s
mdotc
kg/s
X
%
d155 30 43.1 1.81 E+05 97.7 4.09E+05 2.26E+06 12.8 5.38E+04 52.9 2.21 E+05 4.30E-04 2.85E-03 40.8%
d155 40 38.8 1.63E+05 97.7 4.09E+05 2.26E+06 12.9 5.42E+04 54.5 2.28E+05 6.66E-04 2.85E-03 24.9%
d155 50 35.3 1.48E+05 97.8 4.10E+05 2.26E+06 13.0 5.46E+04 56.9 2.38E+05 9.28E-04 2.85E-03 17.3%
e155 30 19.0 6.38E+04 91.9 3.85E+05 2.28E+06 13.5 5.67E+04 24.5 1.01 E+05 1.72E-05 1.13E-03 115.1%
e155 60 22.7 8.61 E+04 91.4 3.83E+05 2.28E+06 14.7 6.17E+04 34.7 1.57E+05 3.95E-05 1.13E-03 109.4%
e155 90 34.2 1.43E+05 96.9 4.06E+05 2.27E+06 15.0 6.30E+04 54.7 2.29E+05 7.62E-05 1.13E-03 100.9%
Filename 0
Watts
T,
"C
7
W/cm2
Inlet Re Pin
kPa
' sal,\n
c
Ap
kPa
"out
kPa
Pmoan
kPa
' aat,maan
c
G
kg/s.m 2
AT.
c
^ T subjn
c
d155 30 495.6 140.0 140.76 973 331.8 137.0 173.3 101.3 216.6 122.7 1098.5 17.3 93.9
d155 40 539.5 138.3 153.24 1507 323.8 136.2 173.3 101.3 212.6 122.1 1701.3 16.2 97.4
d155 50 607.0 136.3 172.40 2100 312.3 134.9 173.3 101.3 206.8 121.3 2370.4 15.0 99.6
e155 30 50.5 151.0 14.34 39 114.9 103.4 17.5 97.4 106.2 101.2 43.8 49.8 84.5
e155 60 110.2 150.1 31.29 89 162.9 113.8 60.7 102.3 132.6 107.6 100.8 42.5 91.1
e155 90 194.2 146.4 55.15 172 296.8 133.2 173.3 101.3 199.1 120.1 194.6 26.4 98.9
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Appendix B: CHF data (Method I)
X
%
Q
Watts
7-s
c W/cm2
Pm
kPa
' satJn
c
Ap
kPa
Pout
kPa
Pmean
kPa
' sat,mean
c
G
kg/s.m 2
ATe
C
154.9% 65.7 131.6 18.7 119.2 104.4 20.0 99.2 109.2 102.0 43.8 7.1
106.3% 107.1 133.4 30.4 154.5 112.1 54.0 100.4 127.4 106.5 100.8 8.1
102.6% 196.3 133.4 55.7 245.0 126.3 138.0 101.1 173.0 115.6 194.6 11.8
94.9% 247.5 137.2 70.3 276.9 130.7 162.0 102.0 189.4 118.4 263.5 15.6
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Appendix C: Data fromMethod II
Filename hr,u
J/kg
nr,is
J/kg
" fg.15
J/kg
nr,ie
J/kg
nt.n
J/kg
mdotw
kg/s
mdotc
kg/s
x
%
f60mm 100c 19.3 6.38E+04 65.6 2.75E+05 2.34E+06 18.9 6.37E+04 25.1 1.05E+05 3.95E-05 1.64E-04 0.1%
f60mm 110c 19.9 6.39E+04 96.0 4.02E+05 2.27E+06 15.5 6.31 E+04 45.9 1.92E+05 3.95E-05 6.22E-04 80.4%
f60mm 115c 19.7 6.39E+04 92.9 3.89E+05 2.28E+06 14.2 5.96E+04 35.1 1.47E+05 3.95E-05 8.80E-04 75.1%
f60mm 120c 19.7 6.39E+04 91.9 3.85E+05 2.28E+06 14.3 6.01 E+04 35.9 1.50E+05 3.95E-05 8.80E-04 78.2%
f60mm 125c 19.8 6.39E+04 92.4 3.87E+05 2.28E+06 14.4 6.05E+04 34.8 1.46E+05 3.95E-05 8.80E-04 73.0%
f60mm 130c 19.6 6.39E+04 90.3 3.78E+05 2.28E+06 16.6 6.33E+04 37.9 1.59E+05 3.95E-05 8.80E-04 83.7%
f60mm 135c 19.6 6.39E+04 92.0 3.85E+05 2.28E+06 16.6 6.33E+04 37.3 1.56E+05 3.95E-05 8.80E-04 81.0%
f60mm 140c 19.6 6.39E+04 94.3 3.95E+05 2.27E+06 16.6 6.33E+04 37.2 1.56E+05 3.95E-05 8.80E-04 80.3%
f60mm 145c 28.1 1.18E+05 95.4 4.00E+05 2.27E+06 18.2 6.36E+04 42.1 1.76E+05 3.95E-05 8.80E-04 100.9%
f60mm 150c 28.4 1.19E+05 92.9 3.89E+05 2.28E+06 18.2 6.36E+04 41.0 1.72E+05 3.95E-05 8.80E-04 96.4%
t60mm 155c 33.2 1 .39E+05 93.0 3.90E+05 2.28E+06 18.4 6.36E+04 43.9 1.84E+05 3.95E-05 8.80E-04 108.7%
f60mm 160c 33.4 1.40E+05 92.2 3.86E+05 2.28E+06 18.6 6.37E+04 43.6 1.83E+05 3.95E-05 8.80E-04 107.5%
f60mm 165c 30.2 1.27E+05 91.9 3.85E+05 2.28E+06 18.7 6.37E+04 42.2 1.77E+05 3.95E-05 8.80E-04 101.5%
f60mm 170c 28.2 1.18E+05 93.1 3.90E+05
93.1 |3.90E+05
2.28E+06 18.7 6.37E+04 42.1 1.76E+05 3.95E-05 8.80E-04 101.0%
f60mm 175c 27.8 1.17E+05 2.28E+06 18.7 6.37E+04 41.8 1.75E+05 3.95E-05 8.80E-04 99.7%
Q
Watts
W/cm'
Pm
kPa
* sat.fn
c
Ap
kPa
' Out
kPa kPa
' sat.mean
c kg/s.m
ATe
"C
AT sub.in
c
8.4 96.8 2.40 104.1 100.7 1.1 103.0 103.6 100.5 100.8 -3.8 81.4
85.3 107.2 24.23 127.3 106.5 24.2 103.1 115.2 103.5 100.8 3.7 86.6
80.2 110.2 22.79 122.8 105.4 25.8 97.0 109.9 102.1 100.8 8.1 85.8
82.9 114.7 23.56 134.9 108.1 37.6 97.3 116.1 103.7 100.8 11.0 88.4
78.3 119.7 22.25 132.4 107.6 35.5 96.9 114.7 103.4 100.8 16.3 87.8
87.8 124.7 24.93 144.3 110.1 40.5 103.9 124.1 105.8 100.8 19.0 90.6
85.5 129.9 24.27 143.6 110.0 40.0 103.6 123.6 105.6 100.8 24.3 90.4
85.1 135.3 24.16 138.9 109.0 39.1 99.8 119.3 104.5 100.8 30.7 89.4
101.5 140.0 28.82 155.3 112.4 53.4 101.9 128.6 106.8 100.8 33.3 84.2
97.2 145.0 27.61 152.3 111.8 49.1 103.2 127.8 106.6 100.8 38.4 83.4
107.5 150.2 30.54 169.1 115.0 66.4 102.7 135.9 108.3 100.8 41.9 81.7
106.3 155.2 30.19 162.3 113.7 59.3 103.0 132.6 107.6 100.8 47.6 80.3
101.4 160.6 28.81 164.3 114.1 61.0 103.4 133.8 107.9 100.8 52.7 83.8
101.4 165.9 28.80 160.9 113.4 56.9 104.0 132.5 107.6 100.8 58.3 85.2
100.3 171.0 28.49 160.7 113.4 56.5 104.2 132.4 107.6 100.8 63.4 85.6
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idix D:
Time
seconds
Pressure fluctuation data (Method II)
TS=96.9C T C TS=110.7C TS=114.8C TS=120.0C
AP Ap Ap Ap Ap
kPa kPa kPa kPa kPa
0.00 1.10 24.92 26.77 34.32 36.32
0.10 1.11 20.12 28.02 34.74 36.40
0.20 1.10 21.88 27.88 33.78 40.79
0.30 1.10 25.75 25.49 35.23 41.67
0.40 1.10 28.00 24.63 35.41 40.73
0.50 1.11 32.30 26.11 34.01 32.95
0.60 1.11 28.71 28.88 33.92 32.09
0.70 1.11 22.19 26.17 30.90 32.70
0.80 1.10 21.57 23.61 22.64 34.03
0.90 1.10 25.25 25.58 28.25 36.57
1.00 1.09 26.90 27.06 31.58 37.80
1.10 1.10 28.05 28.01 35.74 42.17
1.20 1.10 29.81 29.70 38.16 41.19
1.30 1.10 27.79 29.89 37.93 39.46
1.40 1.10 23.71 25.16 36.17 38.89
1.50 1.11 21.53 26.62 34.77 33.54
1.60 1.10 27.41 28.06 34.17 34.97
1.70 1.11 26.26 27.97 33.89 34.81
1.80 1.11 25.72 27.88 35.58 38.31
1.90 1.11 28.41 23.14 35.25 38.16
2.00 1.11 23.78 29.05 33.94 36.35
2.10 1.11 23.61 30.05 34.61 38.59
2.20 1.11 24.26 29.47 32.76 34.74
2.30 1.11 30.45 33.26 25.97 37.75
2.40 1.11 20.85 30.30 32.08 34.67
2.50 1.11 23.04 26.23 35.74 35.67
2.60 1.10 24.01 24.22 33.40 38.60
2.70 1.10 25.10 29.01 34.10 41.29
2.80 1.10 29.14 33.09 33.43 36.25
2.90 1.10 27.37 34.28 31.66 l_ 37.99
3.00 1.10 26.82 29.06 33.26 39.69
3.10 1.11 25.43 26.15 32.26 40.10
3.20 1.11 20.89 24.54 32.85 35.88
3.30 1.11 26.72 25.19 35.04 30.74
3.40 1.11 26.66 26.14 31.40 31.51
3.50 1.10 25.94 25.02 32.53 33.79
3.60 1.11 25.89 27.08 22.59 33.58
3.70 1.10 28.80 28.65 29.56 33.73
3.80 1.10 28.79 28.10 34.12 37.49
3.90 1.11 17.86 28.11 35.72 37.20
4.00 1.10 22.19 31.59 34.52 40.29
4.10 1.10 24.55 26.08 35.53 35.56
4.20 1.11 26.31 25.70 35.94 34.42
4.30 1.10 30.81 32.52 34.52 35.53
4.40 1.11 27.86 44.11 30.07 37.28
4.50 1.11 24.59 35.52 28.77 35.60
4.60 1.11 25.60 26.22 34.22 33.30
4.70 1.11 23.67 24.30 36.47 37.71
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Time
seconds
TS=96.9C
Ap
kPa
TS=107.7C
Ap
kPa
TS=110.7C
Ap
kPa
TS=114.8C
Ap
kPa
TS=120.0C
Ap
kPa
4.80 1.10 28.83 24.60 33.74 37.30
4.90 1.10 26.28 25.53 34.48 36.18
5.00 1.10 24.39 26.97 35.78 35.79
5.10 1.11 23.87 25.59 35.23 37.70
5.20 1.11 23.80 27.57 35.03 35.78
5.30 1.11 22.50 26.19 36.61 39.56
5.40 1.11 25.28 27.59 33.61 34.44
5.50 1.10 26.79 25.78 33.16 41.60
5.60 1.10 25.30 23.99 27.14 35.02
5.70 1.11 25.02 24.19 30.23 36.86
5.80 1.10 26.55 26.96 36.80 35.89
5.90 1.11 28.34 27.34 35.59 37.65
6.00 1.11 24.08 27.45 34.78 37.79
6.10 1.11 22.21 24.46 33.47 36.69
6.20 1.10 23.99 23.28 33.73 37.67
6.30 1.10 25.77 26.52 32.53 38.13
6.40 1.10 25.16 26.92 35.22 40.01
6.50 1.10 27.41 27.17 36.78 36.07
6.60 1.10 27.79 25.30 31.99 40.55
6.70 1.10 27.86 26.00 32.34 39.49
6.80 1.10 27.05 24.40 32.42 41.30
6.90 1.10 20.93 23.66 32.29 37.54
7.00 1.10 25.39 25.29 27.49 33.24
7.10 1.10 26.21 26.23 29.81 34.07
7.20 1.10 24.81 26.59 35.03 36.62
7.30 1.09 26.39 24.15 32.95 39.39
7.40 1.09 27.07 25.03 34.47 38.47
7.50 1.10 26.48 26.70 35.83 39.86
7.60 1.10 ^ 24.95 24.48 35.06 34.67
7.70 1.10 23.67 24.77 34.67 36.00
7.80 1.10 27.33 27.58 33.37 35.87
7.90 1.11 26.10 26.20 32.02 36.18
8.00 1.10 25.70 25.65 33.13 36.39
8.10 1.11 30.14 24.57 35.00 37.04
8.20 1.10 28.23 26.08 34.82 32.85
8.30 1.10 24.59 27.83 34.48 35.82
8.40 1.10 19.57 27.74 22.83 40.60
8.50 1.10 21.34 26.17 33.52 37.56
8.60 1.10 26.75 22.38 36.66 39.26
8.70 1.10 26.81 25.11 35.48 33.96
8.80 1.10 26.70 27.08 35.53 35.55
8.90 1.10 20.86 27.14 34.36 43.42
9.00 1.10 26.17 27.27 33.60 35.79
9.10 1.10 26.03 28.63 32.49 37.01 ,
9.20 1.10 25.87 24.26 32.47 42.35
9.30 1.10 26.68 22.00 36.23 35.87
9.40 1.10 29.28 24.04 33.21 33.63
9.50 1.10 28.31 27.33 32.70 35.50
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Time
seconds
TS=96.9C
Ap
kPa
TS=107.7C
Ap
kPa
TS=110.7C
Ap
kPa
TS=114.8C
Ap
kPa
TS=120.0C
Ap
kPa
9.60 1.10 24.04 27.92 25.65 37.85
9.70 1.10 j 21.63 29.53 31.24 34.63
9.80 1.10 29.12 23.08 37.16 38.33
9.90 1.10 27.36 27.52 33.69 34.95
10.00 1.10 25.74 28.78 35.24 37.42
10.10 1.10 27.34 29.21 34.59 42.85
10.20 1.10 28.54 33.34 33.29 41.60
10.30 1.10 26.78 28.32 32.95 33.16
10.40 1.10 20.02 26.61 34.32 32.37
10.50 1.10 24.04 23.98 33.49 39.14
10.60 1.10 26.59 26.13 34.09 41.44
10.70 1.10 29.33 28.96 34.01 35.98
10.80 1.11 27.53 28.59 32.84 39.52
10.90 1.10 21.42 26.56 34.17 33.81
11.00 1.10 20.73 25.46 25.89 33.50
11.10 1.10 26.21 26.74 31.99 35.28
11.20 1.10 26.81 29.63 35.21 38.11
11.30 1.10 26.13 28.79 32.96 37.49
11.40 1.10 26.15 25.26 34.10 36.60
11.50 1.10 22.31 24.35 34.89 38.03
11.60 1.11 23.77 27.15 38.02 37.89
11.70 1.10 24.02 j 27.36 34.36 38.37
11.80 1.10 26.11 27.21 33.65 34.75
11.90 1.11 29.83 25.93 33.06 33.62
12.00 1.11 27.66 25.12 34.49 35.79
12.10 1.10 27.36 26.46 36.18 38.21
12.20 1.10 26.70 26.81 36.31 42.31
12.30 1.10 27.48 26.32 33.29 36.76
12.40 1.10 22.91 24.93 29.91 34.70
12.50 1.10 19.97 28.65 23.29 36.00
12.60 1.10 25.55 29.53 35.78 36.38
12.70 1.10 29.07 28.37 38.65 35.71
12.80 1.10 25.88 26.70 37.93 41.53
12.90 1.10 25.98 23.03 34.16 37.11
13.00 1.10 23.75 23.34 33.26 41.02
13.10 1.11 25.82 27.94 32.71 35.78
13.20 1.10 28.32 i_ 28-49 32.40 35.71
13.30 1.10 28.11 31.83 34.15 34.76
13.40 1.10 25.10 28.90 34.70 36.88
13.50 1.10 21.10 25.75 33.61 36.51
13.60 1.10 26.30 21.68 31.34 38.22
13.70 1.10 28.37 24.73 32.02 44.11
13.80 1.10 26.98 30.52 21.41 36.44
13.90 1.10 24.92 30.83 33.06 34.38
14.00 1.10 27.72 34.83 35.84 35.19
14.10 1.10 27.40 31.40 35.05 36.54
14.20 1.10 25.90 29.38 34.50 40.78
14.30 1.10 25.50 23.28 33.89 37.05
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Time
seconds
TS=96.9C
Ap
kPa
TS=107.7C
Ap
kPa
TS=110.7C
Ap
kPa
TS=114.8C
Ap
kPa
TS=120.0C
Ap
kPa
14.40 1.10 25.83 25.35 33.82 39.16
14.50 1.10 29.85 27.51 35.47 33.78
14.60 1.10 22.19 J 29.65 33.43 38.00
14.70 1.10 21.15 28.50 31.89 35.11
14.80 1.10 25.81 29.32 32.32 38.60
14.90 1.10 24.88 23.97 34.09 40.91
15.00 1.10 29.05 25.17 37.06 42.24
15.10 1.10 27.61 29.93 33.65 40.97
15.20 1.10 23.68 29.27 26.19 34.84
15.30 1.10 24.58 29.35 27.13 33.72
15.40 1.10 26.45 j 31.04 35.57 37.58
15.50 1.10 29.41 25.41 35.94 35.09
15.60 1.10 23.51 29.83 37.81 36.03
15.70 1.10 21.65 29.96 35.43 35.94
15.80 1.10 24.59 29.65 32.47 40.88
15.90 1.10 25.37 31.21 32.30 39.24
16.00 1.09 29.96 29.38 31.90 38.62
16.10 1.10 28.97 26.86 34.64 40.02
16.20 1.10 27.86 23.27 35.60 39.69
16.30 1.10 20.72 24.44 35.02 31.62
16.40 1.10 24.68 28.03 32.94 34.09
16.50 1.10 27.46 28.66 27.19 33.71
16.60 1.10 27.56 30.55 27.44 38.01
16.70 1.10 26.36 27.08 34.19 35.45
16.80 1.09 27.18 27.74 34.05 35.91
16.90 1.09 30.63 27.76 35.26 37.76
17.00 1.10 21.61 27.14 34.38 37.16
17.10 1.10 24.85 28.84 33.42 37.25
17.20 1.10 24.70 25.94 34.51 34.82
17.30 1.10 24.70 27.36 31.58 36.13
17.40 1.10 29.87 29.59 29.80 37.62
17.50 L 1-10 L 29.09 27.25 22.08 35.32
17.60 1.10 24.28 26.32 35.17 37.77
17.70 1.09 20.07 24.27 36.31 34.48
17.80 1.10 18.36 26.14 34.40 36.78
17.90 1.10 22.89 27.48 34.61 42.79
18.00 1.10 29.32 27.08 33.07 40.38
18.10 1.10 28.05 26.89 32.76 35.58
18.20 1.10 l_ 26.70 24.75 33.15 38.79
18.30 1.10 ,_ 25.73 27.63
33.14 39.98
18.40 1.10 22.39 29.23 32.77 40.78
18.50 1.10 25.92 27.77 30.30 37.99
18.60 1.09 27.17 27.85 32.65 32.29
18.70 1.09 25.43 30.14 21.83 38.02
18.80 1.10 27.17 23.95 33.18 34.40
18.90 1.10 28.18 28.37 34.82 36.80
19.00 1.10 25.66 29.51 37.04 36.23
19.10 1.10 19.19 29.68 38.19 40.83
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Time
seconds
TS=96.9"C
Ap
kPa
TS=107.7C
Ap
kPa
TS=110.7C
Ap
kPa
TS=114.8C
Ap
kPa
TS=120.0C
Ap
kPa
19.20 1.10 24.28 30.35 34.33 34.14
19.30 1.10 27.41 j 29.96 38.98 32.85
19.40 1.10 27.49 26.77 35.69 40.44
19.50 1.10 25.62 25.17 31.36 33.98
19.60 1.10 26.21 26.52 32.10 41.15
19.70 1.10 25.36 25.81 33.14 35.49
19.80 1.10 23.65 27.27 34.70 34.38
19.90 1.10 26.70 26.23 34.95 36.84
20.00 1.10 26.81 28.69 33.32 39.26
20.10 1.10 25.34 27.45 32.82 40.50
20.20 1.09 26.45 24.63 24.55 35.58
20.30 1.09 28.92 25.76 30.25 37.31
20.40 1.09 25.84 29.39 34.63 34.74
20.50 1.10 25.58 28.18 39.20 40.37
20.60 1.10 20.42 28.10 36.72 42.30
20.70 1.10 27.59 30.27 33.34 42.18
20.80 1.10 26.70 27.01 32.56 37.16
20.90 1.10 26.37 22.65 33.24 J 30.83
21.00 1.10 27.32 29.22 34.81 32.53
21.10 1.10 22.74 29.13 33.27 37.16
21.20 1.10 25.22 30.41 32.81 37.26
21.30 1.10 24.77 34.52 33.03 38.71
21.40 1.09 25.90 30.49 33.26 41.47
21.50 1.09 30.27 24.99 33.81 37.01
21.60 1.08 27.30 24.01 28.17 44.31
21.70 1.09 25.92 25.81 32.35 36.45
21.80 1.09 24.06 27.53 36.45 31.67
21.90 1.09 24.16 27.06 36.01 35.45
22.00 1.09 27.13 25.67 35.76 38.41
22.10 1.10 25.59 25.82 34.63 [ 35.79
22.20 1.10 25.12 27.10 34.60 35.03
22.30 1.10 26.11 28.76 35.80 38.17
22.40 1.10 29.06 26.86 34.43 44.00
22.50 1.10 26.29 30.19 32.41 37.11
22.60 L_ 1-10 19.62 28.81 33.05 38.29
22.70 1.10 24.77 28.28 35.54 35.42
22.80 1.10 26.03 28.62 36.62 34.92
22.90 1.10 27.96 28.42 34.47 41.34
23.00 1.10 26.08 23.87 31.74 41.58
23.10 1.10 26.17 27.78 32.80 40.91
23.20 1.10 28.56 30.54 27.45 41.40
23.30 1.09 19.97 28.92 34.09 33.57
23.40 1.09 22.94 29.39 38.81 28.88
23.50 1.10 25.12 28.76 39.18 31.03
23.60 1.10 26.63 |_ 28.25 33.99 30.71
23.70 1.10 31.12 21.93 31.83 34.79
23.80 1.10 27.31 27.63 34.74 40.30
23.90 1.10 23.30 29.23 39.33 39.16
109
Time
seconds
TS=96.9C
Ap
kPa
TS=107.7C
Ap
kPa
TS=110.7C
Ap
kPa
TS=114.8C
Ap
kPa
TS=120.0C
Ap
kPa
24.00 1.11 23.59 30.24 32.95 39.99
24.10 1.10 22.91 31.34 33.05 37.33
24.20 1.09 29.52 27.83 31.47 39.32
24.30 1.09 25.10 26.87 33.80 35.65
24.40 1.10 24.50 26.17 24.50 31.56
24.50 1.10 23.02 25.19 35.17 34.99
24.60 1.10 24.73 29.14 36.78 40.76
24.70 1.10 24.58 29.92 35.87 33.90
24.80 1.10 26.72 27.92 35.06 33.49
24.90 1.10 28.53 23.95 38.81 40.41
25.00 1.10 26.17 26.12 34.62 35.85
25.10 1.10 25.66 32.01 33.74 36.35
25.20 1.09 24.86 30.11 32.76 39.96
25.30 1.10 29.72 26.23 33.44 35.07
25.40 1.10 22.89 23.65 35.11 40.50
25.50 1.10 24.58 23.10 33.82 39.42
25.60 1.10 26.47 28.45 35.47 39.03
25.70 1.10 25.88 30.57 25.50 41.09 S
25.80 1.10 25.02 29.54 31.61 35.11
25.90 1.10 26.63 24.63 33.85 30.72
26.00 1.10 25.13 25.41 33.25 36.00
26.10 1.10 24.75 28.27 37.69 37.83
26.20 1.10 27.21 31.13 34.18 36.85
26.30 1.10 25.46 26.94 30.32 43.10
26.40 1.10 27.42 29.43 31.59 43.09
26.50 1.10 25.96 31.78 32.16 39.34
26.60 1.10 25.99 31.63 32.64 34.56
26.70 1.10 20.10 j 32.62 25.20 29.71
26.80 1.10 24.69 39.76 31.00 34.54
26.90 1.10 29.32 30.05 34.58 40.40
27.00 1.10 27.01 26.32 33.39 35.63
27.10 1.11 25.70 24.97 35.12 37.51
27.20 1.10 28.01 26.28 37.58 36.27
27.30 1.10 27.70 24.75 33.73 39.35
27.40 1.11 19.62 27.30 32.34 42.26
27.50 1.10 27.25 29.08 33.03 34.36
27.60 1.10 26.52 27.57 32.63 35.29
27.70 1.10 25.38 27.01 34.72 33.58
27.80 1.10 24.27 33.30 37.43
27.90 1.10 24.47 31.74 34.18
28.00 1.09 28.10 32.03 39.91
28.10 1.10 28.24 22.90 36.22
28.20 1.10 27.56 35.65 37.33
28.30 1.11 26.92 I 37.31 33.49
28.40 1.10 23.89 33.78 37.67
28.50 1.10 27.73 33.23 40.62
28.60 1.10 29.09 32.41 42.92
28.70 1.10 30.90 34.22 34.12
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TS=96.9C TS=107.7C TS=110.7C TS=114.8C 7\=120.0C
Time
seconds
Ap
kPa
Ap
kPa
Ap
kPa
Ap
kPa
Ap
kPa
28.80 1.10 28.23 38.58 34.49
28.90 1.10 24.11 34.18 34.31
29.00 1.10 22.51 33.07 35.41
29.10 1.10 27.32 31.56 37.34
29.20 1.10 28.40 33.18 36.09
29.30 1.10 24.75 28.20 35.89
29.40 1.10 26.21 31.88 33.87
29.50 1.10 28.01 36.45 34.09
29.60 1.10 28.17 36.16 38.16
29.70 1.10 27.58 33.56 34.66
29.80 1.10 27.31 34.67 34.85
29.90 1.10 | 23.61 35.78 34.96
111
Time
seconds
Ts =125.2C
Ap
kPa
TS=129.9C
Ap
kPa
TS=135.0C
Ap
kPa
TS=140.0C
Ap
kPa
TS=145.1C
Ap
kPa
0.00 54.32 51.15 65.67 116.14 84.32
0.10 50.57 60.78 56.01 113.49 102.18
0.20 45.90 64.98 34.84 107.54 111.52
0.30 39.88 69.67 39.61 90.46 107.99
0.40 17.24 62.51 58.90 45.71 68.92
0.50 22.32 46.03 67.62 35.63 44.13
0.60 33.29 26.93 67.71 j 30.60 30.63
0.70 39.33 19.22 66.60 37.61 26.94
0.80 45.03 41.61 64.93 46.84 88.30
0.90 51.96 57.23 55.13 71.46 109.23
1.00 53.25 48.77 22.95 63.53 115.34
1.10 52.26 22.40 21.64 32.16 115.07
1.20 54.72 31.70 22.03 84.21 113.43
1.30 57.62 25.68 20.44 85.04 108.45
1.40 57.57 36.10 21.23 40.75 91.08
1.50 56.84 53.22 24.57 29.37 66.47
1.60 54.94 58.34 19.58 25.66 47.03
1.70 53.08 55.47 17.76 25.40 30.99
1.80 52.08 35.80 34.45 27.25 21.25
1.90 46.04 32.92 33.25 36.01 16.40
2.00 38.82 47.98 40.08 33.09 13.96
2.10 23.83 46.98 76.68 39.41 12.98
2.20 16.49 26.50
^_
83.59 42.28 12.29
2.30 29.60 27.39 80.79 40.99 74.42
2.40 37.49 25.00 86.52 42.93 108.87
2.50 40.36 45.46 76.81 34.67 117.35
2.60 40.93 52.38 66.90 34.92 108.18
2.70 39.72 42.47 38.29 47.70 66.87
2.80 34.05 26.72 23.97 57.59 43.49
2.90 18.40 21.47 31.67 41.98 27.76
3.00 20.73 38.67 21.73 74.06 20.62
3.10 32.92 38.44 32.06 88.53 17.65
3.20 40.13 30.26 21.68 91.33 15.04
3.30 45.88 36.96 25.95 73.18 13.66
3.40 48.98 39.44 25.78 36.11 23.46
3.50 50.01 25.81 33.11 49.30 86.73
3.60 50.73 43.87 58.94 30.89 98.42
3.70 50.61 45.63 65.73 39.58 86.01
3.80 50.01 27.13 59.94 40.74 50.79
3.90 45.41 36.96 26.96 30.95 31.03
4.00 34.56 45.55 40.35 75.30 24.13
4.10 19.30 32.05 25.79 95.38 55.20
4.20 31.91 37.57 23.22 99.79 109.51
4.30 40.52 50.95 20.75 94.57 114.45
4.40 45.89 55.97 26.04 61.63 118.87
4.50 50.53 52.86 21.63 40.78 124.53
4.60 52.64 29.07 41.76 29.03 117.03
4.70 53.06 40.20 26.91 41.29 86.80
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Time
seconds
TS=125.2C
Ap
kPa
Ts =129.9 C
Ap
kPa
Ts =135.0C
Ap
kPa
TS=140.0C
Ap
kPa
TS=145.1C
Ap
kPa
4.80 54.89 52.40 28.10 70.46 59.89
4.90 56.21 48.38 22.01 85.88 46.41
5.00 59.52 29.60 41.88 71.98 32.92
5.10 54.89 40.27 34.43
_j
33.90 22.49
5.20 50.26 48.60 24.83 48.23 16.68
5.30 45.73 41.93 24.50 39.87 13.67
5.40 36.28 26.43 33.56 49.27 12.71
5.50 18.00 24.30 43.82 50.03 60.04
5.60 24.92 43.83 24.04 41.25 105.45
5.70 35.82 44.30 33.54 67.02 101.29
5.80 41.40 33.78 24.63 61.78 61.45
5.90 45.50 37.69 29.20 48.34 39.47 !
6.00 48.97 53.10 56.14 69.36 27.48
6.10 51.15 57.21 41.63 54.28 20.05
6.20 50.17 50.61 30.32 31.30 15.64
6.30 48.73 27.92 41.34 40.45 13.98
6.40 45.12 45.95 30.61 50.62 12.71
6.50 33.38 52.80 37.39 79.38 11.90
6.60 26.63 48.14 56.89 90.65 80.32
6.70 37.51 30.52 33.95 96.99 114.71
6.80 42.95 44.82 31.23 91.60 123.82
6.90 47.30 49.60 32.51 78.95 118.96
7.00 51.96 37.31 28.91 52.46 101.29
7.10 51.45 29.80 53.58 52.43 64.82
7.20 52.05 46.62 46.75 64.42 44.72
7.30 52.18 43.68 42.21 41.10 28.99
7.40 54.54 34.57 57.96 47.62 19.84
7.50 57.85 48.44 62.23 66.09 14.87
7.60 53.68 35.07 64.67 34.63 13.03
7.70 48.61 36.65 70.15 48.17 11.29
7.80 42.34 53.13 60.21 29.61 72.04
7.90 36.71 59.34 31.54 30.80 116.74
8.00 17.85 55.63 31.97 58.86 115.91
8.10 23.32 |_ 31.82 25.12 53.89 106.51
8.20 35.36 40.51 29.74 41.54 86.36
8.30
_
42-66 51.99 28.03 54.10 60.85
8.40 L 46.87 48.60 38.90 32.59 42.06
8.50 51.08 23.72 28.72 56.03 25.75
8.60 56.93 43.76 24.55 34.80 17.22
8.70 54.59 56.54 38.37 37.51 13.53
8.80 54.43 48.79 36.03 41.75 12.76
8.90 53.03 25.61 23.35 45.81 11.27
9.00 52.57 25.23 37.65 63.87 46.35
9.10 49.26 28.81 46.48 93.25 95.10
9.20 42.69 49.38 25.90 101.35 105.22
9.30 17.96 45.57 46.31 100.86 97.53
9.40 22.19 26.95 39.44 92.19 54.63
9.50 34.67 49.68 25.19 76.75 34.09
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Time
seconds
7S =125.2C
Ap
kPa
Ts =129.9C
Ap
kPa
7S =135.0C
Ap
kPa
TS=140.0C
Ap
kPa
TS=145.1C
Ap
kPa
9.60 41.90 62.43 28.14 44.51 21.95
9.70 46.71 63.88 34.52 32.10 14.89
9.80 50.10 61.83 44.22 28.11 12.13
9.90 j 51.50 43.15 27.34 45.54 12.50
10.00 51.61 65.77 51.33 71.59 12.02
10.10 51.37 70.31 47.30 54.43 40.89
10.20 52.60 63.06 23.52 61.43 90.84
10.30 53.08 64.73 24.34 85.02 109.47
10.40 46.94 69.34 33.55 93.65 115.34
10.50 32.41 69.85 24.07 97.75 105.52
10.60 15.56 61.81 32.48 87.25 67.17
10.70 29.01 37.83 25.20 71.01 41.02
10.80 39.22 20.04 42.96 29.53 25.44
10.90 45.11 35.34 29.05 64.93 16.86
11.00 48.98 41.66 40.97 82.53 12.93
11.10 55.70 20.77 29.76 71.31 11.57
11.20 52.51 39.91 26.79 32.83 70.51
11.30 51.08 55.99 22.23 33.16 102.07
11.40 50.64 60.42 25.60 27.00 82.92
11.50 51.28 58.36 43.12 23.81 44.06
11.60 50.37 39.20 26.65 22.75 67.14
11.70 43.04 23.32 41.36 31.08 101.61
11.80 17.78 27.21 29.72 29.18 105.19
11.90 31.16 20.21 30.89 29.43 101.81
12.00 41.17 34.83 27.83 55.84 75.07
12.10 45.20 21.41 35.12 36.13 49.90
12.20 48.92 41.42 52.03 52.79 34.58
12.30 52.17 47.95 40.19 47.22 31.38
12.40 54.50 29.08 35.65 55.93 28.73
12.50 55.08 36.67 45.12 37.41 25.81
12.60 55.54 57.27 25.43 46.72 22.76
12.70 57.15 55.38 39.82 56.06 19.91
12.80 57.09 31.36 39.15 79.59 18.89
12.90 52.93 28.10 36.36 83.81 18.43
13.00 49.92 32.41 57.60 58.81 19.15
13.10 43.91 24.35 43.47 69.17 51.09
13.20 22.45 46.81 25.11 87.56 58.23
13.30 20.54 56.25 26.08 98.24 44.41
13.40 31.46 55.49 27.23 99.36 26.81
13.50 38.67 40.26 27.70 71.15 18.82
13.60 44.00 29.92 31.23 28.61 62.21
13.70 47.10 49.44 33.63 27.52 92.91
13.80 50.48 55.64 35.86 40.71 99.50
13.90 49.24 49.47 31.61 59.47 62.65
14.00 45.57 29.56 49.08 38.60 35.99
14.10 36.19 24.92 31.25 65.89 24.50
14.20 15.42 24.83 48.26 86.06 18.73
14.30 25.37 29.23 45.12 93.82 16.99
114
Time
seconds
7S=125.2C
Ap
kPa
7S =129.9C
Ap
kPa
7 =135.0 C
Ap
kPa
TS=140.0C
Ap
kPa
TS=145.1C
Ap
kPa
14.40 38.36 49.23 24.12 102.17 15.46
14.50 43.89 58.05 30.60 98.71 17.39
14.60 47.41 54.08 44.02 98.48 89.81
14.70 48.46 29.51 55.79 90.75 117.03
14.80 48.41 37.36 57.09 49.37 124.53
14.90 47.13 48.04 36.01 20.75 122.14
15.00 42.21 43.65 46.19 14.42 110.59
15.10 24.37 27.65 58.92 15.03 82.94
15.20 23.33 45.44 61.56 18.09 55.10
15.30 34.81 47.31 61.89 22.06 37.98
15.40 43.37 30.94 45.79 45.63 28.51
15.50 50.57 38.80 27.10 40.73 25.68
15.60 50.81 47.27 20.68 40.00 76.75
15.70 49.53 30.88 46.71 37.64 100.21
15.80 50.31 29.63 50.21 48.73 112.61
15.90 54.03 22.54 33.82 59.99 102.84
16.00 53.79 36.51 59.81 41.04 67.40
16.10 48.39 32.28 65.08 72.13 43.75
16.20 41.71 29.69 67.58 76.46 31.82
16.30 23.14 46.70 70.75 42.09 27.27
16.40 22.57 48.53 60.49 42.16 25.03
16.50 36.73 31.51 27.29 39.29 23.15
16.60 42.56 45.40 43.01 48.97 20.38
16.70 45.26 44.89 46.97 51.01 24.83
16.80 47.35 27.94 33.04 49.18 27.22
16.90 51.19 27.94 41.24
^
78.36 25.19
17.00 54.68 24.17 50.59 63.96 22.08
17.10 52.94 47.12 31.83 ^ 52.68 19.35
17.20 50.30 54.17 24.51 75.68 19.02
17.30 45.14 49.59 21.13 59.94 20.04
17.40 28.03 34.65 35.11 44.09 18.97
17.50 23.84 33.23 30.53 52.61 19.16
17.60 36.16 23.66 24.99 32.49 17.22
17.70 42.61 41.79 19.51 49.99 16.83
17.80 47.14 51.38 38.53 33.38 15.55
17.90 51.35 53.54 30.83 69.55 13.98
18.00 54.85 36.40 54.16 68.15 16.73
18.10 53.03 35.39 61.76 47.27 19.11
18.20 53.92 49.06 65.33 68.24 50.73
18.30 54.20 45.46 72.65 46.08 45.71
18.40 56.30 26.73 69.91 61.41 24.61
18.50 59.05 40.04 66.84 83.05 75.93
18.60 51.88 35.84 69.86 88.07 105.12
18.70 41.77 29.54 49.32 69.57 121.59
18.80 15.47 43.00 22.30 35.47 81.34
18.90 20.89 33.73 27.97 75.81 36.69
19.00 34.63 40.71 26.57 97.38 87.97
19.10 42.64 53.88 37.85 99.66 116.18
115
Time
seconds
TS=125.2C
Ap
kPa
TS=129.9C
Ap
kPa
TS=135.0C
Ap
kPa
TS=140.0C
Ap
kPa
TS=145.1C
Ap
kPa
19.20 46.51 56.92 22.48 87.25 126.90
19.30 49.30 51.03 40.25 61.16 125.39
19.40 53.91 31.83 24.67 34.44 125.33
19.50 52.04 43.24 36.48 62.82 124.36
19.60 49.91 50.57 42.18 76.64 106.93
19.70 48.19 40.67 22.57 79.14 72.59
19.80 45.13 24.51 50.51 57.83 47.60
19.90 38.62 47.03 43.89 33.23 30.90
20.00 22.25 59.04 31.24 69.44 21.70
20.10 33.73 63.51 58.95 48.84 21.78
20.20 43.20 64.59 75.94 25.81 94.69
20.30 47.73 65.87 61.40 20.51 118.49
20.40 49.54 57.56 54.56 56.66 125.24
20.50 51.80 25.49 42.24 60.99 126.93
20.60 55.15 45.13 21.44 32.77 120.04
20.70 56.45 57.95 36.36 28.68 109.02
20.80 57.25 66.48 29.56 33.80 76.31
20.90 56.47 64.20 22.98 52.56 52.62
21.00 54.80 54.41 20.09 33.67 35.73
21.10 52.43 22.44 23.50 70.81 24.91
21.20 49.61 40.04 47.36 82.30 19.08
21.30 42.73 56.96 67.77 j 46.71 15.58
21.40 20.17 65.13 75.66 43.43 13.51
21.50 33.87 63.80 78.75 32.68 55.34
21.60 41.67 59.37 78.93 50.70 109.17
21.70 47.16 36.43 75.05 58.86 121.15
21.80 53.05 37.42 73.29 35.69 113.03
21.90 51.77 56.91 65.84 39.11 94.10
22.00 51.01 59.32 31.27 31.04 61.83
22.10 51.63 55.02 21.46 54.94 42.26
22.20 54.43 33.65 35.58 35.64 29.54
22.30 62.92 39.13 45.79 50.46 21.49
22.40 58.34 55.23 33.36 53.92 17.66
22.50 55.76 60.40 40.62 58.34 16.68
22.60 54.47 61.41 59.30 86.69 15.07
22.70 55.83 62.18 54.77 88.05 13.44
22.80 51.12 45.22 25.88 65.64 12.07
22.90 40.83 22.00 22.21 57.79 70.06
23.00 20.86 49.81 17.31 85.97 114.79
23.10 16.09 60.21 34.74 91.90 126.08
23.20 31.08 38.80 37.34 88.44 102.68
23.30 41.00 32.72 21.46 71.29 61.97
23.40 45.94 27.01 49.02 42.67 41.53
23.50 48.90 34.45 59.87 31.83 25.83
23.60 50.66 48.91 37.62 24.83 17.69
23.70 54.06 39.38 25.16 29.03 73.48
23.80 55.43 33.09 25.53 66.84 113.76
23.90 52.51 48.99 32.38 62.87 127.13
116
Time
seconds
7S
=125.2C
Ap
kPa
TS=129.9C
Ap
kPa
TS=135.0C
Ap
kPa
7 C
Ap
kPa
TS=145.1C
Ap
kPa
24.00 52.11 56.22 22.26 38.74 113.20
24.10 51.42 55.01 48.36 77.98 74.93
24.20 51.40 32.64 38.26 93.20 53.37
24.30 31.38 32.26 28.80 95.04 47.07
24.40 18.60 48.81 23.94 84.13 32.69
24.50 30.32 55.61 28.09 39.83 26.35
24.60 37.37 56.84 25.13 32.94 25.13
24.70 40.29 37.09 24.85 36.89 24.59
24.80 41.06 27.65 24.36 55.71 23.86
24.90 36.80 43.49 25.97 86.31 33.64
25.00 23.55 44.91 24.10 90.41 24.18
25.10 19.97 26.84 28.57 78.11 19.66
25.20 33.91 38.27 22.15 61.58 19.00
25.30 39.50 53.26 45.85 38.16 20.02
25.40 41.44 57.53 45.96 63.08 21.41
25.50 44.88 60.44 24.95 50.64 21.15
25.60 38.49 45.66 29.06 26.17 19.57
25.70 24.08 27.25 25.68 45.99 18.23
25.80 20.57 43.24 28.20 27.43 16.86
25.90 32.61 42.09 22.48 55.25 15.59
26.00 39.96 22.09 31.65 74.62 15.20
26.10 42.38 39.19 29.10 85.22 67.69
26.20 40.64 53.85 42.55 79.91 118.00
26.30 34.46 57.92 55.28 43.45 120.58
26.40 20.33 56.06 38.23 49.84 79.94
26.50 24.61 34.31 42.14 73.32 34.24
26.60 37.05 36.43 44.44 70.55 21.22
26.70 44.13 53.28 23.71 34.91 15.17
26.80 53.08 58.20 25.70 28.70 35.19
26.90 52.08 58.67 30.54 30.97 76.28
27.00 52.26 54.61 25.48 L 30.09 97.43
27.10 52.42 33.09 21.59 52.91 97.07
27.20 52.52 20.76 37.34 53.65 60.77
27.30 54.21 29.34 24.90 32.18 33.96
27.40 50.87 18.09 43.08 62.36 23.46
27.50 42.50 37.62 36.99 32.76 20.68
27.60 20.55 40.64 28.64 47.47 19.42
27.70 20.67 22.59 31.43 34.14 17.72
27.80 34.10 38.33 28.99 69.98 27.38
27.90 42.55 47.57 25.28 59.85 87.28
28.00 48.70 31.01 30.51 42.78 108.51
28.10 50.47 39.13 25.21 33.63 107.57
28.20 49.47 52.97 26.03 50.44 69.60
28.30 49.22 57.67 47.99 72.34 39.40
28.40 50.83 43.69 j_ 37.02 46.69 25.40
28.50 56.30 23.35 43.39 73.93 19.66
28.60 49.76 30.27 55.77 81.04 22.61
28.70 34.05 19.04 41.62 53.48 56.12
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Time
seconds
7S
=125.2'
Ap
kPa
Ts =129.9'
Ap
kPa
7S=135.0'
Ap
kPa
C 7. =140.0C
Ap
kPa
TS=145.1C
Ap
kPa
28.80 16.65 38.08 28.78 45.85 88.47
28.90 30.30 51.82 33.61 31.00 102.10
29.00 39.90 50.61 39.51 51.81 104.54
29.10 43.65 29.96 49.81 33.22 69.26
29.20 43.49 30.51 29.74 52.73 40.29
29.30 43.21 24.49 41.84 45.06 26.94
29.40 39.11 34.45 42.51 73.17 21.37
29.50 32.27 43.77 34.23 51.72 21.58
29.60 26.23 30.21 58.78 48.31 85.85
29.70 36.38 35.80 56.76 41.24 112.03
29.80 57.66 50.83 48.79 70.51 104.08
29.90 54.10 53.48 30.84 74.52 73.11
118
Time
seconds
TS=149.8C
Ap
kPa
TS=155.3C
Ap
kPa
7S =160.9 C
Ap
kPa
7S =165.8C
Ap
kPa
TS=171.2C
Ap
kPa
0.00 33.31 26.46 37.20 46.04 50.07
0.10 24.75 24.50 43.15 45.62 51.28
0.20 23.43 23.33 65.29 48.80 66.84
0.30 24.23 95.93 110.70 48.50 85.65
0.40 24.61 88.09 109.69 83.66 66.87
0.50 23.51 42.73 75.17 58.96 50.99
0.60 20.62 29.70 44.91 46.06 39.49
0.70 19.82 128.71 32.45 72.59 67.75
0.80 18.01 115.84 28.72 65.47 57.39
0.90 40.77 65.81 26.76 47.17 52.26
1.00 102.10 105.96 23.34 42.80 47.63
1.10 128.97 148.53 30.40 89.47 41.74
1.20 129.84 151.28 45.92 67.35 36.27
1.30 99.37 94.69 51.16 43.25 43.33
1.40 58.01 57.74 43.37 38.60 54.25
1.50 61.91 36.62 42.77 44.80 51.64
1.60 129.14 25.55 44.03 47.59 52.86
1.70 151.88 109.83 35.07 53.72 52.16
1.80 151.11 156.61 44.13 43.97 55.45
1.90 148.08 161.53 38.78 54.41 39.87
2.00 143.14 136.94 37.97 63.22 47.90
2.10 144.46 86.86 53.14 60.40 57.83
2.20 132.44 59.74 78.19 63.39 59.54
2.30 108.55 40.34 64.98 62.97 51.72
2.40 72.75 29.79 55.66 63.38 54.79
2.50 48.45 19.40 59.23 62.14 48.04
2.60 40.77 18.15 55.86 51.99 50.51
2.70 27.11 104.14 46.92 48.56 67.01
2.80 18.35 96.09 43.75 59.01 55.90
2.90 15.51 58.85 40.95 71.31 45.82
3.00 34.78 39.28 41.76 61.96 63.07
3.10 114.25 27.84 62.85 52.23 70.91
3.20 148.52 96.53 131.24 41.63 57.73
3.30 146.73 154.68 152.24 44.97 41.40
3.40 140.23 154.30 121.28 51.46 43.35
3.50 139.45 L 147.84 66.17 46.23 62.01
3.60 129.56 139.63 36.00 47.04 58.38
3.70 112.47 110.98 24.97 55.11 56.43
3.80 64.49 71.62 35.65 72.04 59.41
3.90 36.37 46.71 149.61 51.61 54.49
4.00 26.25 30.87 157.88 63.93 45.28
4.10 39.10 23.18 118.62 57.61 52.70
4.20 59.07 15.67 72.81 46.06 52.03
4.30 52.78 10.73 39.09 50.39 40.63
4.40 40.85 8.63 26.41 J 66.55 37.78
4.50 38.87 16.51 121.02 53.60 57.25
4.60 30.85 63.93 127.66 40.21 41.84
4.70 24.52 83.61 71.29 62.56 89.78
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4.80 20.08 68.53 34.22 94.49 116.67
4.90 19.51 41.23 21.80 71.71 70.87
5.00 22.69 27.96 90.52 51.27 54.85
5.10 25.60 21.27 173.29 40.42 59.81
5.20 24.50 17.86 173.29 38.61 41.72
5.30 21.24 16.15 161.46 36.31 29.48
5.40 20.12 14.06 112.23 41.44 29.06
5.50 19.40 12.78 70.84 40.85 67.20
5.60 21.62 13.87 43.73 117.14 60.69
5.70 22.08 14.65 27.63 123.36 60.56
5.80 19.47 14.55 20.05 86.38 57.53
5.90 16.82 14.30 16.04 56.16 58.10
6.00 19.28 13.14 12.89 44.49 60.85
6.10 27.46 11.69 10.55 32.52 58.21
6.20 33.05 14.27 12.65 29.63 56.85
6.30 62.90 25.38 17.04 28.05 47.24
6.40 110.36 126.72 18.75 45.58 40.86
6.50 124.08 127.68 19.58 59.39 34.99
6.60 125.82 60.63 18.45 49.24 36.25
6.70 86.82 29.49 17.04 50.86 40.86
6.80 43.51 28.42 15.86 54.56 42.30
6.90 30.48 94.93 13.92 54.06 45.42
7.00 31.34 121.71 13.33 50.26 53.92
7.10 30.65 61.45 12.59 52.51 79.70
7.20 35.58 30.82 14.70 53.06 64.12
7.30 40.85 23.04 30.18 53.25 62.05
7.40 43.77 27.25 33.03 45.18 59.61
7.50 42.91 28.17 33.98 46.62 40.40
7.60 81.34 58.47 35.91 89.55 31.38
7.70 63.51 41.16 64.88 115.11 55.72
7.80 89.64 94.01 172.56 70.95 60.20
7.90 115.78 161.00 112.20 39.69 46.53
8.00 131.23 151.35 53.23 38.64 46.10
8.10 127.66 81.23 161.65 43.47 56.57
8.20 78.84 46.27 173.29 39.12 53.23
8.30 65.51 137.42 111.63 50.41 43.03
8.40 93.60 166.44 62.06 62.74 42.18
8.50 56.93 167.25 30.51 55.47 43.68
8.60 44.20 159.46 18.97 55.91 49.24
8.70 122.49 109.36 15.66 79.98 48.03
8.80 146.52 75.51 15.71 55.14 64.91
8.90 138.61 46.79 17.39 40.78 84.23
9.00 89.99 30.56 17.90 43.56 60.23
9.10 51.59 22.92 42.38 42.89 43.49
9.20 31.74 18.56 55.94 55.76 37.70
9.30 83.39 14.20 62.42 63.00 60.56
9.40 99.22 40.38 41.46 47.65 59.65
9.50 59.71 103.36 30.43 44.76 59.18
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TS=149.8C
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T =155.3 C
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Ap
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9.60 39.27 129.39 26.98 49.33 56.25
9.70 29.35 79.93 71.12 49.10 43.44
9.80 30.11 49.06 67.45 60.29 40.13
9.90 28.89 32.93 44.97 56.23 48.96
10.00 71.28 23.96 34.34 60.36 60.68
10.10 114.62 19.62 27.82 53.99 47.06
10.20 80.61 16.15 47.99 48.17 50.36
10.30 43.93 69.01 61.51 98.70 72.24
10.40 34.07 112.94 45.53 98.93 44.44
10.50 113.90 99.57 35.66 54.80 34.00
10.60 150.68 66.86 47.26 38.33 70.06
10.70 152.66 39.40 39.92 51.36 77.04
10.80 153.90 116.62 81.88 110.86 51.95
10.90 144.61 150.31 120.64 141.28 40.06
11.00 124.55 149.17 103.48 90.16 55.08
11.10 87.63 114.15 64.67 51.10 46.52
11.20 55.44 74.68 38.65 34.59 38.21
11.30 33.52 50.62 50.68 30.02 45.42
11.40 27.71 34.27 128.01 24.79 59.46
11.50 79.25 24.99 167.98 31.26 55.84
11.60 74.47 19.74 166.07 31.70 43.69
11.70 48.28 15.98 112.89 34.29 50.26
11.80 41.39 15.04 60.32 43.06 173.29
11.90 81.40 15.15 34.38 74.65 173.29
12.00 124.97 42.48 23.49 53.57 109.93
12.10 135.94 124.39 19.36 42.61 48.24
12.20 138.06 145.13 18.32 51.32 22.57
12.30 122.87 112.04 62.87 42.26 34.72
12.40 79.68 64.69 73.30 48.19 27.84
12.50 57.05 38.85 64.52 70.73 19.20
12.60 36.85 25.52 34.83 56.58 17.95
12.70 24.46 18.55 83.72 43.42 62.34
12.80 19.10 15.69 173.29 50.20 L 68.15
12.90 103.97 16.15 173.29 134.63 45.20
13.00 129.32 14.82 165.28 159.50 33.52
13.10 119.98 14.27 102.61 99.48 27.09
13.20 77.23 16.35 63.63 54.22 32.02
13.30 52.56 18.12 36.80 34.37 53.19
13.40 38.85 19.23 22.03 27.63 67.83
13.50 31.68 18.15 15.56 27.90 54.29
13.60 28.34 16.23 11.80 55.10 40.27
13.70 29.05 19.58 10.56 45.54 38.51
13.80 104.72 23.93 19.33 47.69 41.88
13.90 129.74 24.90 23.11 60.69 33.89
14.00 96.77 83.13 25.75 60.43 44.01
14.10 59.86 128.15 21.21 49.91 39.91
14.20 40.02 122.22 20.08 48.53 61.57
14.30 26.46 60.76 28.37 50.93 52.54
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14.40 21.86 31.76 103.70 40.11 69.51
14.50 31.38 28.71 116.31 101.65 72.79
14.60 36.53 29.83 92.40 128.75 61.14
14.70 82.14 29.48 52.41 98.23 47.20
14.80 117.22 34.45 28.27 61.49 36.87
14.90 138.95 42.69 20.32 43.16 40.89
15.00 139.65 78.78 125.74 42.58 40.77
15.10 115.53 81.16 169.36 40.71 45.54
15.20 71.68 50.72 146.12 35.46 40.48
15.30 46.00 90.27 86.13 29.14 59.47
15.40 30.24 120.51 54.21 71.73 67.44
15.50 25.67 115.30 32.57 72.95 57.53
15.60 69.15 65.76 20.26 63.45 j 51.79
15.70 111.30 37.15 14.41 46.18 42.91
15.80 78.53 28.10 13.04 38.43 41.86
15.90 52.08 33.45 15.29 32.58 66.24
16.00 35.70 46.76 16.84 32.78 61.88
16.10 25.91 134.68 17.09 34.60 45.52
16.20 113.90 100.79 16.70 44.68 43.95
16.30 150.84 50.92 16.31 42.60 50.16
16.40 137.60 33.34 13.13 48.24 55.10
16.50 93.28 32.07 47.93 47.34 47.17
16.60 64.49 31.01 114.18 70.28 54.33
16.70 45.40 40.97 109.27 105.38 65.17
16.80 33.94 111.94 67.47 75.37 46.80
16.90 36.35 157.82 36.80 48.17 43.20
17.00 66.56 157.57 24.17 47.48 54.08
17.10 102.41 95.01 77.75 56.10 62.87
17.20 102.90 52.45 152.42 42.90 49.75
17.30 70.09 32.15 153.52 37.02 49.37
17.40 44.93 134.58 90.58 39.44 73.53
17.50 30.04 160.65 50.38 71.84 64.18
17.60 23.02 154.28 30.06 68.64 59.75
17.70 63.63 148.70 19.97 57.43 43.46
17.80 92.57 104.25 17.65 43.36 66.36
17.90 62.09 64.54 72.75 136.09 85.14
18.00 37.84 41.35 52.25 173.29 64.76
18.10 27.92 32.47 33.96 123.14 58.12
18.20 25.70 25.59 29.54 55.75 55.55
18.30 37.32 21.52 30.98 26.68 36.86
18.40 89.29 19.23 26.45 58.36 38.79
18.50 89.14 100.44 25.50 41.51 36.69
18.60 51.05 132.70 24.11 37.78 39.18
18.70 73.72 97.17 20.34 28.48 37.61
18.80 126.72 59.02 29.70 27.20 57.56
18.90 143.28 45.08 35.78 62.00 47.92
19.00 99.90 31.38 29.79 51.97 48.83
19.10 61.25 33.98 61.34 83.56 50.40
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19.20 39.60 24.86 148.80 66.92 43.86
19.30 34.45 19.79 153.02 44.23 50.30
19.40 115.38 19.62 94.03 39.87 48.33
19.50 140.23 23.34 46.66 39.64 66.48
19.60 136.16 26.40 30.46 35.88 55.24
19.70 115.48 58.35 22.16 39.36 59.81
19.80 71.65 143.05 18.75 41.83 48.46
19.90 50.90 162.46 19.59 57.01 51.53
20.00 42.43 155.27 33.16 60.55 55.66
l
20.10 33.54 87.38 108.08 45.16 66.75
20.20 28.08 48.22 68.85 48.26 56.21
20.30 24.70 31.94 36.94 53.41 45.88
20.40 25.03 27.78 24.63 102.45 47.41
20.50 25.74 20.59 23.52 119.18 49.59
20.60 24.89 16.22 29.19 68.82 52.88
20.70 24.08 56.25 34.20 40.87 48.13
20.80 58.21 79.37 45.73 35.34 54.06
20.90 131.51 89.77 56.74 33.58 51.15
21.00 137.48 66.57 157.79 39.51 46.26
21.10 81.03 40.11 173.29 54.49 49.72
21.20 45.06 26.39 173.29 56.25 60.14
21.30 83.62 19.99 140.52 43.11 58.51
21.40 81.67 17.91 83.26 41.91 57.94
21.50 51.85 17.51 48.87 51.15 58.60
21.60 36.53 18.43 29.50 97.73 64.46
21.70 33.85 72.73 41.56 65.07 64.49
21.80 66.02 131.43 140.25 42.44 56.04
21.90 127.22 117.95 157.03 38.72 46.47
22.00 149.37 64.20 127.43 47.99 68.48
22.10 117.25 36.39 88.00 44.64 49.56
22.20 78.28 24.73 56.79 53.19 38.93
22.30 53.28 19.47 34.29 54.63 45.64
22.40 35.63 17.46 22.62 43.49 46.75
22.50 28.83 19.77 19.69 50.09 54.64
22.60 66.64 27.53 18.58 51.33 79.19
22.70 94.37 52.17 16.72 45.78 65.69
22.80 84.22 94.08 18.45 46.23 45.17
22.90 55.96 103.17 19.58 69.49 35.34
23.00 39.21 57.76 20.22 55.05 39.84
23.10 39.99 34.34 20.34 53.57 46.40
23.20 33.06 27.48 16.83 55.63 45.42
23.30 80.18 73.75 14.53 53.81 49.05
23.40 130.90 133.99 13.68 49.46 54.62
23.50 142.99 144.65 15.10 50.01 47.73
23.60 133.27 72.46 22.00 64.49 47.72
23.70 85.78 46.72 108.23 60.39 49.30
23.80 56.03 33.54 173.29 49.73 68.29
23.90 40.22 27.58 173.29 55.03 61.76
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24.00 34.83 22.20 173.29 48.30 50.39
24.10 32.93 105.39 114.83 53.48 58.30
24.20 28.47 167.38 62.38 50.24 47.41
24.30 83.73 169.04 36.03 51.03 49.06
24.40 130.39 165.97 24.18 50.18 46.11
24.50 141.22 108.45 18.73 53.18 56.62
24.60 111.78 65.79 38.48 54.21 61.84
24.70 70.63 43.51 115.96 59.98 47.30
24.80 48.39 33.83 122.38 173.14 50.21
24.90 36.31 28.50 73.90 173.29 55.59
25.00 32.83 26.41 45.93 91.84 60.80
25.10 41.21 73.97 30.84 42.00 72.42
25.20 65.18 156.06 32.48 23.38 52.51
25.30 120.98 153.53 43.04 128.35 63.86
25.40 121.72 112.40 42.49 155.20 47.25
25.50 107.92 78.34 37.24 94.53 41.40
25.60 76.27 50.53 32.19 40.98 51.21
25.70 52.00 33.64 26.77 18.68 57.80
25.80 59.49 25.39 23.52 88.91 64.01
25.90 114.51 28.85 22.40 65.98 70.29
26.00 116.56 133.39 21.85 32.86 81.83
26.10 79.40 163.33 19.74 24.63 92.09
26.20 59.38 127.15 17.66 22.95 70.20
26.30 44.62 74.94 19.15 20.73 53.17
26.40 36.48 58.70 23.37 23.41 48.84
26.50 34.27 41.95 22.31 110.56 46.59
26.60 37.05 30.32 22.98 71.78 37.71
26.70 40.28 22.73 25.81 39.22 32.18
26.80 65.73 20.40 29.88 28.44 32.78
26.90 113.61 18.82 34.44 41.09 30.31
27.00 129.14 16.64 65.00 79.98 42.25
27.10 131.01 15.69 50.92 81.81 54.90
27.20 112.27 15.75 52.86 56.30 45.52
27.30 70.80 28.26 53.62 42.32 50.83
27.40 48.30 36.45 38.90 65.20 45.24
27.50 36.39 38.09 42.23 90.42 50.55
27.60 70.66 37.54 62.71 53.90 47.28
27.70 111.62 31.59 138.56 34.18 46.31
27.80 124.75 29.89 167.34 29.46 50.25
27.90 108.56 30.52 130.95 30.64 50.50
28.00 68.88 27.90 62.51 28.89 56.13
28.10 48.26 40.31 54.73 32.10 57.03
28.20 35.74 53.43 149.22 32.85 49.20
28.30 24.70 53.05 158.00 36.34 47.09
28.40 28.64 36.99 87.60 37.98 51.68
28.50 66.44 24.74 l_ 48-80 48.23 51.10
28.60 94.24 26.93 30.87 45.98 51.52
28.70 111.25 52.58 21.23 47.12 50.31
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28.80 79.92 53.72 17.46 45.82 52.46
28.90 51.40 39.78 17.24 49.79 52.78
29.00 41.26 132.89 27.31 62.24 51.64
29.10 36.46 130.91 135.27 54.03 48.30
29.20 30.66 69.74 135.64 49.21 55.34
29.30 39.29 36.16 95.54 54.10 51.15
29.40 113.48 25.96 62.54 62.11 48.13
29.50 119.62 27.23 44.25 51.63 74.00
29.60 66.67 37.81 34.01 54.81 69.55
29.70 40.72 47.65 25.15 53.10 52.22
29.80 30.36 43.57 22.22 56.83 44.22
29.90 26.23 92.47 19.35 55.88 57.81
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Appendix E: Average boiling heat transfer coefficients and
average overall heat transfer coefficients
E. 1 : Data points with a developing laminar single phase region
AT.
C
Tu
C
G
kg/sm 2
X
%
q
W/cm2
Ts
C
Pm
kPa
"2*
W/m2K
hall
W/m2K
4.9 19.2 101 79.3% 24.0 105.0 107.5 131104 7626.9
4.9 19.2 195 36.3% 25.3 105.2 108.6 154831 7975.8
6.4 19.6 195 79.3% 46.2 110.2 134.9 65906 11239.2
3.8 19.4 264 20.5% 23.6 103.9 108.5 142986 7460.5
4.5 19.0 264 j 62.5% 51.4 110.4 148.6 60074 12050.9
8.5 20.0 264 58.3% 48.7 114.6 153.3 46410 10550.8
3.7 |_ 18.7 603 22.9% 57.3 109.2 145.5 67657 13836.0
8.5 20.7 603 20.0% 53.6 117.3 169.1 42684 11567.8
7.2 45.2 603 39.4% 73.9 117.9 191.1 38796 17127.2
11.2 45.4 603 37.3% 71.6 123.8 207.1 33586 15348.4
11.7 43.3 603 44.8% 83.0 126.0 230.6 31798 16003.9
13.5 43.6 603 57.3% 102.2 129.1 240.7 38512 18970.3
14.1 43.4 603 64.9% 113.5 131.2 262.4 38077 19865.5
16.8 43.0 603 64.9% 114.0 135.2 276.8 36612 19099.2
15.9 45.3 603 55.6% 99.1 136.3 300.9 28749 16307.8
18.6 43.8 603 70.3% 121.8 141.2 330.4 31230 18252.1
3.8 19.4 1099 10.1% 68.7 106.2 127.1 139742 18322.0
5.3 19.7 1099 7.9% 64.1 113.0 161.5 52549 14940.0
8.2 42.2 1099 20.4% 83.6 117.4 182.2 41255 19134.1
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E.2: Data points with a turbulent single phase region
AT.
C
r 14
"C
G
kg/sm 2
X
%
q
W/cm2
Ts
C
Pin
kPa
h2*
W/m2K
"all
W/m2K
10.4 42.8 1099 17.8% 111 122.9 205.9 46781 16674.5
10.9 41.1 1099 21.9% 88.9 125.4 230.8 40445 17127.8
12.6 41.7 1099 29.4% 109.9 128.6 244.2 48826 20262.8
13.6 42.2 1099 33.9% 121.7 131.1 266.8 46029 21131.1
16.0 41.3 1099 33.6% 122.4 134.5 277.8 44904 20476.6
15.0 43.0 1099 31.5% 115.4 135.5 301.8 37792 18987.4
17.3 43.1 1099 40.8% 140.8 140.0 331.8 40337 21364.1
7.1 38.3 1701 11.4% 94.0 115.5 174.3 55969 21978.7
9.2 38.9 1701 10.0% 90.0 120.7 196.3 43051 19731.0
10.0 38.1 1701 12.3% 98.9 123.7 221.9 36368 19411.6
11.8 38.6 1701 17.6% 122.2 127.3 239.2 45211 22642.9
12.5 38.2 1701 20.3% 133.1 128.9 253.3 45110 23476.2
14.7 38.0 1701 19.4% 131.2 132.6 266.0 41502 22263.4
14.3 38.3 1701 19.9% 132.5 133.8 290.4 38252 21790.7
16.2 38.8 1701 24.9% 153.2 138.3 323.8 39524 23327.2
3.6 25.4 2371 1.0% 84.9 107.7 135.1 52367 24082.2
5.3 35.7 2371 7.0% 107.1 112.7 164.7 61738 26509.8
8.2 37.0 2371 5.8% 102.3 119.0 189.0 39175 23083.1
9.2 36.0 2371 7.6% 112.3 122.4 216.3 33915 22362.1
10.5 36.8 2371 1 1 .6% 136.5 125.3 230.9 46562 26115.4
11.5 35.7 2371 13.9% 150.0 127.6 248.3 46008 26725.3
13.4 35.3 2371 13.5% 150.7 130.6 258.1 44364 26122.5
13.4 36.3 2371 12.4% 142.6 132.0 279.0 36495 24011.8
15.0 35.3 2371 17.3% 172.4 136.3 312.3 41825 26618.9
3.6 33.6 3073 4.8% 125.2 110.5 159.9 75964 32713.9
6.6 35.4 3073 3.8% 120.0 116.5 181.8 43664 28583.4
7.1 33.5 3073 5.3% 131.8 118.9 201.1 40889 28070.2
8.9 35.0 3073 8.8% 158.0 122.8 220.5 54648 31627.2
9.9 34.4 3073 1 1 .0% 173.5 125.3 239.8 53266 32063.3
11.8 33.7 3073 9.8% 169.5 127.9 243.7 49214 30754.3
11.4 34.9 3073 8.8% 159.2 129.4 265.2 39049 28071.9
1.3 32.6 3783 2.8% 136.5 108.5 162.4 75467 37852.2
4.2 34.4 3783 2.3% 135.0 114.3 183.8 42890 34036.9
4.9 32.7 3783 3.2% 143.4 116.1 194.5 40110 32866.9
7.1 34.1 3783 6.8% 177.3 120.9 220.5 60806 36899.8
8.1 33.6 3783 8.1% 188.5 122.4 230.0 59207 36923.3
9.6 32.5 3783 7.5% 188.7 125.4 239.5 54382 35812.3
9.5 33.9 3783 6.9% 179.7 127.2 260.5 43128 32995.7
2.1 32.3 4483 1 .9% 156.7 114.0 200.8 36918 38287.2
7.5 32.0 4483 5.9% 206.7 123.7 244.8 57486 40642.4
5.2 33.7 4483 6.6% 206.3 120.4 238.1 66571 42566.2
4.2 36.9 4483 4.7% 186.5 118.5 224.4 80546 44638.1
7.6 33.7 4483 5.5% 198.8 125.7 264.5 45952 37746.3
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Appendix F: Magnitude of the Fourier coefficients for time
history of pressure drop signal analysis
Fourier Coefficients for Pressure Signal, TS=96.9C
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Fourier Coefficients for Pressure Signal, TS=110.7C
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Fourier Coefficients for Pressure Signal, TS=125.2C
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Fourier Coefficients for Pressure Signal, TS=140.0C
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Fourier Coefficients for Pressure Signal, TS=145.1C
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Fourier Coefficients for Pressure Signal, TS=149.8C
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Fourier Coefficients for Pressure Signal, TS=155.3C
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Fourier Coefficients for Pressure Signal, TS=165.8C
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Fourier Coefficients for Pressure Signal, TS=171.2C
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